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FOREWORD 

riiis  i^  ilu'  Final  Rciinri  lor  the  program,  the  Study  ot  Nozzles  to  Spray 
ui.ii.  Ml  iii  i!  1  i.,  i  .1  .1  IS  siihinitted  in  attordante  with  the  requirements 
oi  Work  Staienieni  luin  7  ot  Contract  N0w61-060()-f.  This  report  covers 
wdik  iloiu'  timing  i  lit  |)t  iiod  16  June  1961  to  26  December  1961. 
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ABSTRACT 

This  report  presents  ilie  results  «>l  a  prograiii  that  determined  (1)  the 
elieiis  of  ( oiitaiiiiiiated  fuel  on  the  perforinaine  of  turbojet  main  burner 
fuel  no//.les  and  (2)  the  resulting  effett  on  turbojet  performance.  Several 
types  of  nozzles  were  studied  to  determine  the  best  'method  of  spraying 
contaminated  fuel.  I  he  fuel  used  in  this  program  was  contaminated 
with  Mll.  Iv.')0()71i  lom.iniinant,  plus  fungus.  The  fuel  was  filtered  through 
a  1.50-micron  filter. 

rite  program  ((insisted  ol  the  following  parts:  (1)  an  analytical  study  of 
the  elfetts  of  (ontaniinant  arc uniulation  on  iKtzzle  performance,  (2) 
an  analyti(.il  study  of  the  effet  ts  of  jxKtr  nozzle  performance  resulting  from 
the  use  of  ( ont.nninaied  fuel  on  turbojet  perfomiante,  (!f)  nozzle  spray 
tests  in  whidt  sever. il  different  nozzles  were  evaluated  during  (old-flow 
(oniaminaied  Inel  spi.iv  tests,  (I)  Iniiiier  tan  tests  in  whith  the  effects  of 
binning  i oin.nmn.ited  Inel  in  a  (onveniional  tnibojet  were  determined, 
(5)  ;i  sindv  in  whiili  the  tesnlts  of  tfie  Itnrner  tan  tests  were  used  to  de¬ 
termine  the  efiKts  ol  bniiiing  < oiitaniin.ited  fuel  on  turbojet  performance, 
and  pi)  an  .in.dyiit.il  nozzle  design  study  in  whuh  an  air  atomizing  noz¬ 
zle,  an  impingeinent  nozzle,  and  two  types  of  pressure  atomizing  nozzles 
were  loinpaied  to  deteiiiiine  whuh  nozzle  would  be  best  for  spraying 
contaminated  fuel. 


Results  ol  the  piogi.iiii  (list  losed: 

I  (iont.imin.int  .i( t  uinul.ition  in  tfie  nozzle  tan  distort  nniformity  of  the 
spray  being  eiintted  lioiii  .i  nozzle  and  also  diange  its  flow  .schedule. 
Ill  esc  dill  Is  will  lesult  in  pool  leinperatuie  distrilintion  and  will  cause 
hot  spots  .11  the  liuinei  (<in  (Xit:  wliidi  in  turn  lan  damage  the  tiirlnne. 

2.  ( ioiii. mini. (led  liu  l  h.is  little  efiext  on  large  swirl  type  nozzles.  Included 
III  the  Kei omniend.iiions  are  ilie  passage  sizes  required  in  a  .swirl  type 
nozzle  lo  spi.iy  i ont.nnin.ited  fuel. 

.5.  .\ir  .iiomizitig  nozzles  li.tve  tlie  largest  metering  pa.ssages  of  the  nozzles 
lonsidered.  ( '.onset] ueni ly,  an  investigation  of  the  feasibility  of  using  air 
atomizing  nozzles  in  turbojets  can  be  justified. 

The  (OIK  lusioiis  ol  lilt  jirograiii  are  presented  at  the  beginning  of  each 
se(tion  of  the  report. 
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RECOMMENDATIONS 

1.  Because  air  atomizing  nozzles  have  the  largest  metering  passages  of  the 
nozzles  considered,  it  is  recommended  that  the  feasibility  of  using  air 
atomizing  nozzles  be  investigated. 

2.  If  conventional  swirl  type  nozzles  are  to  be  used  for  spraying  contam¬ 
inated  fuel,  the  nozzles  should  have  the  following  passage  sizes: 

a.  The  swirl  slot  dimensions  should  be  at  least  0.018  inch. 

b.  The  annulus  thickness  between  the  primary  and  secondary  orifice 
in  dual  orifice  nozzles  should  be  at  least  0.027  inch.  Furthermore, 
the  thickness  should  always  be  greater  than  the  slot  dimensions. 

3.  For  nozzles  with  passage  sizes  as  described  in  2,  it  is  recommended  that 
large  filters  (approximately  330-micron  size)  be  used  at  the  nozzle  inlet. 
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SECTION  I 

INTRODUCTION 

It  is  impraitical  to  keep  turbojet  luel  completely  free  of  contamination, 
because  of  the  equipment  and  procedures  that  would  be  required.  Con¬ 
sequently,  turbojet  engines  must  always  be  capable  of  operation  using 
fuel  that  contains  a  moderate  amount  of  contamination.  In  addition, 
during  emergencies  or  when  engines  are  inadvertently  supplied  fuel  that 
contains  a  large  amount  of  contamination,  they  must  continue  to  operate 
for  a  reasonable  length  of  time  (approximately  fiO  hours). 

The  critical  engine  part  involved  in  ensuring  safe  operation  with  contami¬ 
nated  fuel  is  the  fuel  tio//le.  When  contamination  accumulates  in  the  meter¬ 
ing  parts  of  the  no/zle.  the  flow  schedule  changes,  and  the  spray  pattern  is 
affected.  This  tati  result  in  p<ior  (ombiistor  performance,  which  in  turn 
can  result  iti  reductions  in  thrust  and  increases  in  thrust  specific  fuel  con¬ 
sumption. 

The  study  covered  in  this  report  has  determined  the  effects  of  contami¬ 
nated  fuel  on  the  performance  of  fuel  nozzles  currently  used  on  turbojet 
engines.  Also,  the  study  evaluated  effects  of  poor  nozzle  performance 
resulting  from  the  use  of  contaminated  fuel  on  engine  performance.  In 
addition,  a  study  was  made  to  determine  the  Irest  method  of  atomizing 
contaminated  fuel. 

For  this  study  the  turlmjet  fuel  was  contaminated  according  to  the  specifi¬ 
cations  in  table  1.  It  should  be  noted  that  these  specifications  are  the 
same  as  MIl.-K-fiOUTB.  except  that  the  fungus  solution  has  replaced 
the  salt  water,  the  fungus  used  during  the  program  is  defined  in  Ap¬ 
pendix  A. 

The  largest  particle  size  specified  in  MI1.-E-3007B  is  200  microns.  If 
this  specification  inc  hided  only  solid  particles  of  contaminant  (such  as  sand 
and  dust) ,  and  if  the  fuel  nuzzles  consisted  of  only  straight  circular  passages, 
then  passages  as  small  as  200  microns  (0.0079  inches)  could  be  used.  How¬ 
ever,  since  fungus  and  lint  are  capable  of  bridging  relatively  large  passages 
and  since  there  are  abrupt  changes  in  flow  direction  and  passage  size  in 
fuel  nozzles,  the  minimum  passage  must  Ire  more  than  200  microns.  The 
determination  of  this  niinimuin  [xissage  size  was  one  of  the  objectives  of 
this  program. 

The  results  of  the  study  are  presented  in  sections  of  this  report  as  out¬ 
lined  below: 

1.  Contact  with  nozzle  inanufacturen 

2.  Analytical  study  of  the  effects  of  contaminated  fuel  on  nozzle 
performance 
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.'t.  (;t‘iieral  study  ot  the  effect  of  contaminated  fuel  on  turbojet 
perlcmuance 
I  \o//le  spray  tests 
Hiiriiei  can  tests 

<).  Specific  study  of  the  effect  of  contaminated  fuel  on  turbojet 
performance 
7.  Nozzle  design  study. 


TABLE  I.  CONTAMINANT  .SPECIFICATIONS 


(.(iiicaiiiiiianl 

Panicle  Size , 

Quantity 

lion  Oxide 

0-.')  microns 

28..')  gm/1000  gals 

.a- 10  mic  rons 

1.5  gm/1000  gals 

Sharp  Silica  .Sand 

I0-50  mesh 

1.0  gm/1000  gals 

.')()- 100  mesh 

1.0  gm/1000  gals 

.\i  i/(in.i  Kii.id  Diisi 

0-.')  microns  (12  percent) 
.'i-IO  microns  (12  percent) 
10-20  microns  (14  percent) 
20-40  microns  (2.S  percent) 
40-80  microns  (.SO  percent) 
80-200  microns  (9  percent) 

8,0  gm/1000  gals 

I'.S.  Standard  Staple 

.\s  ground  in  a  No.  7  Wiley 

0.1  gm/1000  gals 

.No  7  Prime  (ioiton 

mill  and  screened  through 

1. inters 

a  4  mm  screen. 

Crude  Naphthenic  Acid 

O.OS  percent  by 
volume 

Fungus  Solution  (10 

0.01  percent  by 

parts  salt  water,  pre- 

volume 

pared  in  accord¬ 
ance  with 
Mil,  K  '>271.’  and  1 
pan  Inngns,  as  deliued 
in  .Appendix  A) 
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SECTION  II 

CONTAC  WITH  NOZZLE  MANUFACTURERS 

At  the  beginning  oltlithe  study,  the  euntaminated  fuel  nuzzle  program 
was  discussed  with  w^veral  nuzzle  manufacturers,  as  required  by  Work 
Statement  Item  2.  Tktrtte  results  of  these  contacts  are  summarized  below; 

1.  Although  surtK  nozzles  have  been  evaluated  with  contaminated 
fuel,  none  livwe  been  designed  for  spraying  fuel  contaminated 
with  MII.-E)|)0UO7If  cuntaminant  plus  fungus. 

2.  Several  noz/ts  <«  were  recommended  for  evaluation  during  the 
comparative  i(XK)zzle  spray  test. 

.“I.  Several  repc®  »  rovering  contaminated  fuel  tests  were  received. 
In  addition, till  he  manufacturers  furnished  information  on  fuel 
nozzle  tbeor) 

4.  Delavan  M«i:i  >iai  turing  Clonipany  was  subcontracted  to  make 
(lie  analytiralscjiuidies  of  the  effect  of  contaminated  fuel  on  nozzle 
performaiuejlVMork  Stateineiit  Item  1)  and  the  analytical  nuzzle 
design  siuditi()  (Work  Statement  Item  3).  Reprtrts  covering  Dela- 
van's  work  vn'  iie  presented  in  .Monthly  Progress  Reports  4  and 
0  (PWA  FRjrC)?  and  PWA  FR-337). 

Appendix  B  iiuludru  a  list  of  the  manufacturers  that  were  contacted, 
a  list  Of  the  reports  at  were  received,  the  results  of  these  reports  that 
were  pertinetii  to  thsjj  program,  and  a  list  of  the  nozzles  that  were  rec¬ 
ommended. 
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SECTION  III 

ANALYTICAL  STUDY  OF  THE  EFFECTS  OF 
CONTAMINATED  FUEL  ON  NOZZLE  PERFORMANCE 

A.  GENERAL 

/.  BACKGROUND 

Work  Statemeiu  Item  1  oi  the  contraet  required  analytical  studies  of 
(1)  the  effects  of  contaminant  accumulation  on  fuel  nozzle  performance 
and  (2)  the  resulting  effects  on  turbojet  performance.  Delavan  Manu¬ 
facturing  Company  was  subcontracted  to  help  in  the  analytical  study 
of  the  effeits  oi  (ontainination  on  nozzle  perforinaine:  a  report  (Dela¬ 
van  .\lamita(  luring  Company  I  et  hnical  Report  No.  19(1)  covering  their 
work  was  presented  in  Montlily  Progress  Report  No.  1  (Pratt  Whitney 
Aircraft  Report  No.  PW.A  FR-297). 

The  results  oi  the  study  oi  the  effect  of  contaminant  accumulation  on 
nozzle  peiloiinaiKc  .tre  presented  in  this  section.  The  results  of  the  study 
of  the  eifeit  of  i ontainination  on  turbojet  performance  are  presented  in 
Sections  I\’  and  \'1I.  In  section  IV.  the  results  of  a  general  consideration 
are  presented;  in  set  tion  \’II.  the  results  of  the  burner  can  tests  with  con¬ 
taminated  fuel  are  used  to  determine  the  effects  on  engine  performance. 

2.  NOZZLE  TYPES  AND  PEREORMANCE  PARAMETERS 

The  tuel  nozzles  that  are  t  iirreiuly  used  in  the  main  burners  of  turbojets 
are  all  ol  the  pressure  atomizing  type.  I'he.se  include  the  simplex,  duplex, 
dual,  spill  OI  bvp.iss,  and  the  variable  area  nozzles.  The  characteristics 
t)f  cadi  of  these  nozzle  types  are  presented  in  .\ppendix  C. 

The  pertoiinaiue  parameters  that  are  used  in  evaluating  nozzles  are 
droplet  size,  spr.iy  angle,  spray  iiniforinity.  flow  range,  and  repeatability 
of  fuel  flow  at  .1  given  pressure.  These  parameters  are  discussed  below: 

a.  Droplet  size  is  .i  measure  of  the  degree  of  atomization  achieved; 
this  is  an  import.int  parameter  betause  it  directly  affects  the  design 
oi  the  Imriiei  tan.  Sprays  with  mean  droplet  sizes  in  the  100  to 
200  micron  range  are  u.sed  in  turbojets.  (Because  the  nozzle 
sprays  are  made  up  of  droplets  of  several  sizes,  mean  droplet 
size  is  defined  as  the  droplet  size  of  a  uniform  spray  containing 
the  same  tuel  volume  and  the  same  number  of  droplets  as  the 
at  tual  spray.) 

1).  Sprays  with  hollow  spray  tones  and  large  spray  angles  arc  used 
in  turbojets  bet.iuse  these  <  haractcristics  permit  the  fuel  to  be 
mixed  with  the  air  in  a  shorter  length  of  the  combusttir.  Spray 
angles  in  the  70  to  90  degree  range  are  used.  It  is  important  to 
have  atomizers  that  will  maintain  a  given  spray  angle  throughout 
the  nozzle  flow  r.iiige. 
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1  S|>ia)  iiiulonnity  is  desirable  because  in  the  burner  can  it  will 
govern  ibe  Unal  fuel-io-air  mixture  ratio.  Spray  uniformity  may 
Itc  determined  experimentally  by  measuring  the  quantity  of  fuel 
III  diltereiu  set  tors  of  the  spray  cone. 

d.  Ueiause  luel  flow  varies  widely  in  a  turbojet,  the  nozzle  must 
provide  fuel  sprays  that  have  the  characteristics  discussed  above 
over  the  entire  flow  range.  Flow  ranges  with  a  maximum-to¬ 
rn  in  imum  flow  ratio  of  30  to  40  are  required  in  turbojets. 

e.  Flow  repeatability  is  important  because  several  fuel  nozzles  are 
operated  in  parallel  in  an  engine.  Since  pressure  drop  across  the 
nozzle  determines  the  relative  fuel  distribution  among  nozzles, 
the  fuel-to-air  ratio  in  the  burner  can  will  not  be  uniform 
if  there  is  hysteresis  in  the  flow  schedule  of  the  nozzle,  or  if  the 
nozzles  are  mismatched. 

B.  cx)nc:li)sions 

From  the  (onsideratioiis  pre.sented  later  in  this  section  on  the  analytical 
study  of  the  effects  of  contaminant  accumulation  on  nozzle  performance, 
the  following  tonclusions  were  made: 

I.  There  are  three  major  locations  in  a  swirl  nozzle  where  con¬ 
taminant  accumulation  can  produce  poor  nozzle  performance. 
These  are  (1)  the  swirl  slou,  (2)  the  swirl  chamber,  and  (3)  the 
outlet  orifice.  Of  these  three  Itxations,  accumulation  in  the  swirl 
slots  is  the  most  likely. 

a.  Contaminant  accumulation  in  the  swirl  slots  will  cause  (I) 
a  significant  increase  in  nozzle  pressure  drop,  (2)  an  increase 
ill  the  spray  angle,  (3)  a  reduction  in  mean  droplet  size,  and 
(  I)  a  reduction  in  spray  uniformity.  Of  these,  the  most  severe 
effet  t  is  the  increa.se  in  nozzle  pressure  drop. 

I)  Coiiiaminant  accumulation  in  the  swirl  chamber  and  at  the 
orifiie  outlet  ran  cause  (I)  pcK>r  spray  uniformity  with 
Streaks  or  a  skewed  spray  and  (2)  an  increase  in  the  nuzzle 
pressure  drop.  Both  of  these  could  cause  detrimental  effects 
III  ail  engine. 

2  III  the  (oiiiiiioiily  used  dual  orifice  nozzle  the  contaminant  can  col¬ 
led  ill  ihe  sni.ill  aiuuilus  between  the  primary  orifice  and  secondary 
oiilue  and  cause  streaks  in  the  spray  pattern. 

t  iiiii.iiiiiii.iiii  aicuiiuilatioii  in  the  How  divider  valve  can  cause 
hysteresis  in  the  flow  schedule  and  can  result  in  pcxir  fuel  dis¬ 
tribution  in  ihe  burner  can. 

I.  File  ettecis  of  contaminated  fuel  on  the  variable  area  nozzle  are 
similar  to  those  on  the  flow  divider  valve. 
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C.  DISCUSSION 

The  eilei  ts  ul  cumaiiiiiiaiit  accumulation  are  discussed  below.  The  ap- 
proai  h  taken  was  to  determine  the  effects  on  the  performance  of  a  nozzle 
that  is  representative  of  the  size  and  type  that  is  used  in  current  turbo¬ 
jets.  Specifically,  the  simplex  nozzle  sized  for  a  flow  rate  of  100  Ib/hr  was 
studied.  Following  a  t onsideration  of  this  simplex  nozzle,  assessment  of 
the  effects  is  given  to  other  nozzle  types.  The  results  of  these  considerations 
are  presented  below. 

/.  THE  SIMPLEX  NOZZLE 

All  of  the  swill  type  nozzles  (dual,  duplex,  and  spill)  are  derived  from 
the  simplex  nozzle.  Ckinsequently,  the  simplex  nozzle  can  be  used  to  il¬ 
lustrate  the  general  effects  of  contaminant  on  nozzle  performance.  Figure 
1  shows  a  typical  simplex  nozzle.  The  critical  dimensions  of  this  nozzle 
are  indicated  in  the  figure:  these  include  the  swirl  sluts,  the  swirl  chamber, 
and  the  outlet  oritice. 


The  size  of  the  passages  depends  on  the  flow  rate  for  which  the  nozzle 
is  designed.  In  figure  2.  the  size  of  the  critical  dimensions  and  the  nozzle 
pressure  requirements  are  presented  as  a  function  of  flow  rate.  As  shown 
<n  the  figure,  one  of  the  large  200  micron  particles  could  block  a  swirl  slot 
of  a  nozzle  that  is  designed  to  operate  in  the  0  to  10  Ib/hr  flow  range  and 
that  has  eight  swirl  sluts.  (The  swirl  slut  size  is  a  function  of  the  number  of 
slots,  which  is  selected  based  on  nozzle  performance;  the  spray  uniformity 
increases  as  the  number  of  slots  increases.  Normally  between  one  and  eight 
slots  are  used.)  For  nozzles  sized  for  flows  above  this  range,  the  con¬ 
taminant  would  have  to  build  up  before  a  slot  could  be  plugged.  Further¬ 
more,  if  there  were  only  Milid  particle  contaminants,  this  build  up  might 
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not  (Mdii;  liowrver,  totton  lintcrs  and  fungus  contribute  to  the  accumula¬ 
tion  siiKc  the  lintcrs  can  bridge  openings,  and  since  the  fungus  will  stick 
to  tiictal  surfaces. 


NOTI:  THIS  DATA  IS  SOI  A  NOZZII  PIOOUCINO  A  SIIAV 
WITH  A  ISO-MICION  MIAN  DIOSIIT  SIZI  I 
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1  Vuif  2  Siiiililix  ,\iKilr  Owiensions  nnd  l’rry\u  r  Hrquiutitryih  h'U  )%2t< 

I'o  qii.uiiii.itively  assess  the  effects  ot  ( ontaininaiion  on  nozzle  perform- 
.iiKc,  a  nuzzle  designed  lo  pHnliue  a  spray  with  a  IMI-micron  mean  droplet 
(liainciei  .uul  a  spray  angle  of  80  degrees  at  a  flow  rate  of  I  (HI  lb  hr  was 
seleited  btr  (onsideration.  The  effects  <>f  plugging  the  swirl  slots,  con- 
taiiiinant  accumulation  in  the  swirl  chamber,  and  a  plugged  outlet  orifice 
weie  deiennined;  the  results  are  presented  below: 

a  Klfects  of  Plugged  .Swirl  .Slots  —  The  most  deiriinental  effect  of 
plugging  a  slot  is  the  change  in  flow  sc  hedule.  I  his  will  result 
in  pcxir  fuel  distribution  in  the  burner  can.  This  point  it  il- 
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lustxitc'd  in  iigiires  .H  and  4,  which  show  the  efiett  of  plugged 
sluts  on  pressure  drop,  spray  angle,  and  droplet  size.  (It  should 
he  noted  that  all  these  curves  are  based  on  the  assumption  that 
the  same  liicl  flow  would  be  flowing  through  the  nozzle.)  As 


h'if;ur<‘  !  I'Uri  I  al  l’hini;c<l  Swtrl  Slots  on  Sprti\  An^le  and  Droplrt  Siie  FI)  349V 


PERCENT  OF  SLOT  AREA  PLUGGED 


Figure  4  Effect  of  Plugged  Swirl  Slots  on  S'oale  Pressure  Drop  FD  3502 
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an  example  of  the  effect  on  performance,  assume  that  the  nozzle 
(ontains  four  swirl  sluts  that  are  50  percent  plugged.  (Either 
two  of  the  slots  are  completely  plugged  and  the  other  two  are 
(  lean,  or  50  percent  of  the  total  area  of  the  four  sluts  is  plugged 
with  contaminant.)  For  this  case,  the  mean  droplet  size  will 
decrease  fr<mi  1.50  to  135  microns,  the  spray  angle  will  increase 
from  80  to  05  degrees,  and  the  pressure  drop  will  increase  from 
28  to  450  psi.  For  other  percentages  of  slot  area  stoppage,  the 
effect  on  droplet  size,  spray  angle  and  nozzle  pressure  can  be 
obtained  from  the  curves. 

In  addition  to  these  effects,  plugged  sluts  will  result  in  a  spray 
with  poor  uniformity.  If  all  of  the  sluts  are  plugged  the  same 
amount  the  spray  uniformity  theoretically  would  not  change. 
However,  if  one  or  two  of  the  slots  are  plugged  and  the  others  re¬ 
main  (lean  the  uniformiiy  will  decrease. 


h.  Effeit  of  Contamination  in  the  Outlet  Orifice  —  The  effects  of 
partially  plugging  the  outlet  orifice  were  calculated.  The  results 
of  these  calculations  are  shown  in  figures  5  and  6.  As  an  illus¬ 
tration  of  the  effects  of  a  plugged  outlet  orifice,  if  the  nozzle  is 
50  percent  plugged,  the  mean  droplet  size  will  decrease  from 
150  to  98  microns,  the  spray  angle  will  decrease  from  80  to  68 
degrees  and  the  pressure  drop  will  increase  from  28  to  115  psi. 


The  cffetts  predicted  on  spray  angle  and  droplet  size  are  for  a 
(iidilar  orifice.  Therefore,  the  results  are  those  for  the  condition 
when  a  uniform  buildup  of  (ontaminant  occurs  on  all  sides  of 
the  uriiice.  This  condition  is  nut  as  severe  as  the  more  likely 
(ondition  —  when  the  outlet  oriiice  is  nut  circular;  that  is,  when 
(ontaminant  a< cumulates  at  one  side  of  the  orifice  and  causes 
the  fuel  to  be  emitted  from  a  portion  of  the  orifice.  This  con¬ 
dition  (an  cause  severe  streaks  in  the  spray  pattern.  As  an  ex¬ 
ample  of  this  effect,  the  curves  shown  in  figure  7  are  presented, 
rhese  curves  were  presented  by  Tate  and  Marshall'.  The  curves 
show  the  flow  distributiott  obtained  with  a  circular  orifice  and 
that  obtained  with  a  slightly  notuircular  orifice.  The  non- 
uniformity  caused  by  the  latter  is  evident. 


I  he  results  presented  for  the  pressure  drop  will  hold  regardless 
of  the  shape  of  the  orifice. 


''Fate.  R  VV.  and  Marshall,  W.  R.,  ''Atomization  by  Centrifugal  Pressure 
No//Us,  ’ (ihemital  F.ngineering  Progress,  May,  195.3 
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PERCENT  OF  OUTLET  ORIFICE  PLUGGED 


Figure  5  F.lfctt  iij  a  Plugged  Outlet  Orifice  on  Spray  Angle  and  Droplet  .Sue  FI)  )iOI 


PERCENT  OF  OUTLET  ORIFICE  PLUGGED 

Figure  h  F.ffert  of  a  Plugged  Outlet  Orifice  on  \ozzle  Prersuie  Drop  FD  ?505 
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2.  OTHER  PRESSURE  ATOMIZING  NOZZLES 

The  perhirinance  of  the  other  swirl  type  nozzles  will  be  affected  in  a 
manner  similar  to  the  simplex.  The  dual  orifice  nozzle  that  is  used  on  most 
turbojets  has  one  contaminant  accumulation  location  that  the  simplex 
nuzzle  dues  not  have.  The  annulus  between  the  primary  and  secondary 
urifiies  in  some  dual  orifice  nozzles  is  as  small  as  0.01  inches.  This  location 
is  illustrated  in  figure  8.  If  contaminant  accumulates  in  the  annulus,  the 
effects  will  be  the  same  as  those  described  for  the  plugging  of  the  outlet 
orifice  of  a  simplex  nozzle.  The  most  severe  of  these  effects  are  heavy 
streaks  and  a  skewed  spray  pattern. 


12 


PRATT  &  WHITNEY  AIRCRAFT 


Figutf  8  Dual  Ottluf  Sozzh  Sihrmalu  FD  3560A 

3.  FLOW  DIl  lDFR  I'ALVE 

Because  the  pressiiie  letjuiremeius  to  obtain  good  atomization  over  the  en¬ 
tire  flow  range  of  a  turbojet  are  excessive  for  a  simplex  nozzle,  a  dual 
orifire  no//le  system  is  normally  used.  In  this  system,  a  small  simplex 
nozzle  (primarv  orifire)  provides  atomization  at  low  flow  rates,  and  a 
large  simplex  no//lc  (usually  one  that  houses  the  primary  and  that  is 
railed  the  seroncl.irv  oritire)  is  u.sed  to  provide  atomization  at  high  fuel 
flows.  NormalK.  .1  flow  divider  valve  that  is  actuated  by  pressure  is  used 
to  schedule  flow  through  the  secondary  orifice. 

\  typical  flow  divider  valve  is  shown  in  figure  9.  The  spring  keeps  the 
poppet  or  pintle  against  its  seat  until  the  pressure  reaches  a  predetermined 
value,  where  the  poppet  is  lifted  from  its  seat  and  flow  is  directed 
through  the  secondary  orifice. 


MUT 


♦ouniT 


Figure  ')  Flow  Divirlrr  i'atii-  Sdicrnalii 
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The  only  critical  location  in  the  valve  where  contamination  can  be  a 
problem  is  at  the  poppet  seat.  Valve  size  determines  the  susceptibility  of  a 
flow  divider  valve  to  contaminant  accumulation.  In  figure  10,  the  valve 
seat  lift  is  presented  for  two  different  valves  that  are  designed  according 
to  the  data  presented.  The  curves  indicate  that  for  small  valves  the  lift 
could  be  less  than  200  microns  (the  size  of  the  largest  contaminant  particle) 
through  a  large  portion  of  the  flow  range.  When  operating  at  these  low 
flows,  contaminants  will  accumulate  behind  the  poppet.  This  will  increase 
the  pressure  drop  across  the  valve,  causing  the  valve  lift  to  increase.  As 
a  result  a  flow  divider  valve  could  be  self-cleaning,  at  least  for  small 
quantities  of  accumulation.  This  characteristic  should  not  result  in  pcxrr 
atomizer  performance. 

The  desirability  of  having  a  central  flow  divider  valve  supplying  several 
nozzles  rather  than  one  valve  lor  only  one  mizzle  is  obvious  from  the  data 
presented  in  figure  10.  This  point  is  made  clear  by  a  comparison  of  the 
variation  in  valve  lift  with  flow  for  valves  I  and  2.  Since  valve  2  is  eight 
times  larger  than  valve  I,  it  could  be  u.sed  to  supply  eight  nozzles  of  the 
size  for  which  valve  I  is  designed.  This  scheme  —  a  single  flow  divider 
valve  with  several  nozzles  —  is  commonly  used  in  turbojets. 

.Seat  thickness  is  also  important  because  small  particles  of  contaminant 
can  accumulate  under  the  poppet  seat.  This  will  prevent  the  poppet  from 
seating  and  cause  hysteresis  in  the  flow  schedule  of  the  valve,  which  in 
turn  will  distort  the  fuel  distribution  in  the  burner  can  of  a  turbojet. 
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4.  VARIABLE  AREA  NOZZLE 

A  variable  area  nozzle  is  shown  in  figure  II.  Atomization  is  achieved 
in  this  nozzle  by  the  eruption  of  a  thin  fuel  sheet  that  discharges  through 
a  small  annular  opening  at  the  nozzle  outlet,  rather  than  by  use  of  centrif¬ 
ugal  fortes  as  in  swirl  type  nozzles. 

The  performance  of  this  nozzle  with  contaminant  will  be  similar  to 
that  predicted  for  the  flow  divider  valve.  Particles  of  contaminant  sticking 
under  the  seat  of  the  poppet  will  tause  hysteresis.  But  more  important 
in  the  variable  area  nozzle,  contaminant  accumulation  behind  the  poppet 
will  cause  severe  streaks  that  will  not  be  disturbed  before  the  fuel  reaches 
the  burner  can. 


Figure  II  Variable  Area  Nozzle  Schematic  FD  }!44 
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SECTION  IV 

GENERAL  STUDY  OF  THE  EFFECTS  OF 
CONTAMINATED  FUEL  ON  TURBOJET  PERFORMANCE 

A.  GENERAL 

riu'  ctfiits  ol  ( oiicimiii.ncd  fiiol  on  turhojft  jxTtonniUU e  were  evaluated 
ill  this  siiidv.  Goiisider.iiiou  was  “iveii  to  the  resulting;  effetts  of  the  piKtr 
fuel  iio/.zle  perloi  lu.iiu  e,  which  was  <les<  rihetl  in  Section  III,  on  burner 
can  perfonnanie. 

B.  CONCiLLSIONS 

If.ised  on  the  (oiisidcraiions  discussed  later  in  this  section,  the  following 
((inclusions  (.in  lie  m  ule: 

1.  A  lediuiioii  111  spr.iy  iiniforinity  can  (ause  (1)  a  reduction  in 
((iinimstioii  eltiiieiuy  and  therefore  ati  increase  in  thrust  specific 
fuel  ( oiisuiiipt ion  (TSFC.)  :  (2)  a  distorted  exit  burner  tan  tem¬ 
perature  ptdfile,  uhi(h  it)  titrn  could  damage  the  turbine  inlet 
guide  v.nies  atid  the  turliitie  blades  or  rediue  the  allowable  burner 
can  temperature  ri.se:  (.f)  hot  spots  on  the  burner  can  wall  and, 
ultitnatelv.  damage  to  the  burner  can:  and  (4)  a  rcdiu  tion  in  the 
allowable  fitel-to-air  operating  range. 

2.  .\  change  in  the  flow  schedule  of  a  fuel  tiozzle  can  increase  fuel- 
to-.iii  mixture  iti  a  portiott  of  tlie  cati  atul  result  in  damage  to 
the  lilt  bine  \anes  or  blades. 

G.  DISCUSSION 

The  analytital  studies  of  the  effei t  (••  (ontaminated  fuel  on  nozzle  per- 
formante  indii  .ncd  th.n  ( (intamitiated  fuel  can  l  ause  (1)  a  reduction  in 
spray  uniforniiiv  (.nised  by  streaks,  skewed  spray  pattertt,  and  a  reduction 
in  spray  atigle;  .nid  (2i  a  ( hange  iti  the  flow  st  hedule  of  the  nozzle. 

The  effe(ts  of  these  poor  tiozzle  performance  characteristics  arc  presented 
ill  subsequent  paragraphs. 

I.  HFhECT  Ol  A  HI  DUCriOX  l\  SPHAY  UNIFORMITY 

a.  Cotiiluisiiiiii  l',ffi(  iency  —  The  < oinpletcncss  of  the  combustion 
jinHcss  ill  the  burner  lan  depends  on  the  speed  at  which  the 
pnxess  ot  ev.ipotation.  mixing,  atul  dietniial  reaction  takes  place. 
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Evaporation  is  the  most  vulneral)lc  to  the  elfec  ts  of  (  (iiitainiiiation, 
because  it  is  significantly  affected  by  the  spray  pattern.  J.  S. 
Clarke’’  has  presented  the  schematic  shown  in  figure  12.  This 
schematic  shows  the  effect  of  the  vortex  inside  the  burner  can 
on  droplets  of  different  sizes.  Note  that  the  paths  of  the  small 
droplets  are  affected  significantly  by  the  vortex.  The  figure 
illustrates  that  small  fuel  droplets  have  a  long  residence  time  in 
the  vortex  zone,  while  large  particles  have  enough  momentum  to 
be  unaffected  by  the  vortex  and,  therefore,  they  traverse  the 
vortex  zone  in  a  shorter  time  than  the  small  droplets.  The  curve 
shown  in  figure  IH  was  al.so  presented  by  Clarke.  The  curve 
shows,  that  droplets  with  a  diameter  of  HO  microns  and  less  are 
completely  evaporated,  while  those  of  several  hundred  microns 
are  not  affected  at  all.  Consequently,  if  streaks  cxcur  in  the  spray 
pattern  as  a  result  of  the  use  of  contaminated  fuel,  a  larger  per¬ 
centage  of  the  fuel  will  be  unevaporated  as  it  leaves  the  vortex 
zone.  This  will  result  in  incomplete  combustion  and  will  be  re¬ 
flected  in  a  reduction  in  combustion  efiiciency,  attd  an  increase 
in  the  TSFC;. 


Figure  12  Paths  of  Farious  Size  Fuel  Droplets  through  the  FD  3549 

Vortex  in  the  Burner  Can 


”1.  ,S.  (ilarke,  "(ias  Turbine  Combustion  Problems,”  journal  of  the  Royal 
.\crotiautical  Sex  iety,  Vol.  60.  April  1956,  page  2.‘f2. 
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MEAN  DROPLET  SIZE  -  MICRONS 


/>  I'fxi  nl  Ilf  Ihupti  !  I- 1  iipiiiali  il  an  lOrlrx  FU  }47) 


)>.  Hiiriur  Can  tAii  IftniMTaiure  Distribution  —  Burner  tans  arc 
(lesij^nctl  to  pnKiud  an  exit  leiiiperature  distributioti  that  permits 
the  luaxiimitn  allouable  avera<{e  turbine  inlet  temperature  and, 
therelore.  inaximum  eUKine  thrtist.  This  object  is  attained  by 
adjustini;  (he  radial  temperature  distribution  at  the  burner  can 
exit  until  it  approathes  the  limits  im|>osed  by  the  turbine  inlet 
•{uide  sanes  .ind  the  turbine  blades.  .\s  an  example  of  the  tem¬ 
perature  limits  and  their  variation  across  the  burner  can  exit, 
linure  II  is  presented.  In  this  ligure  the  temperature  limits  im- 
posed  b\  the  liist  two  blades  and  vanes  are  shown.  Also  shown  in 
the  ti'.;nre  is  ,i  pt.idit.il  turbine  inlet  temperature  profile. 

Stre.iks  in  the  spr.iy  paitertj  will  tiiove  the  flame  front  in  the  di- 
rettion  ol  the  turbine.  I  bis  will  result  iti  a  poor  burner  can  exit 
(etnper.iiuic  distribuiiou.  If  the  streaks  are  severe  enough,  the 
fuel  triay  still  be  burning  as  it  etiteis  the  turbine,  and  some  of 
the  blades  and  vanes  could  be  melted  away.  If  the  streaks  were 
less  severe,  and  if  the  hot  spots  could  be  detected  by  the  thermo¬ 
couples  iti  the  turbine  inlet  guide  vanes,  the  fuel  flow  could  be 
reduced,  and  the  damage  to  the  blades  and  vanes  eliminated.  This 
prcKedure  would  result  in  .1  lower  turbine  inlet  temperature,  and 
naturally.  .1  reductioti  in  engine  thrust. 
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PERCENT  OF  VANE  LENGTH 

/■iijiiic  II  lllt.uiilili-  i'l-inpfiature  l'a)iiiliu)i  at  Turbine  Inlet  FD  3510 

i .  Hoi  Spots  on  the  Bnrner  Can  Wall— A  severe  streak  could  cause  hot 
sptits  in  the  burner  can.  which  could  burn  holes  in  the  burner 
can  wall.  This  would  be  detrimental,  because  air  entering  the 
burner  through  this  new  hole  would  change  the  entire  airflow 
pattern  in  the  burner  can.  which  in  turn  would  reduce  combustion 
cfticiency.  and  cause  hut  spots  at  the  burner  can  exit. 

cl.  Reduction  in  the-  Fuel-to-Air  Operating  Range  —  Poor  fuel  dil* 
tribution  in  the  burner  can  resulting  from  streaks  or  a  skewed 
spray  pattern  could  also  effect  a  reduction  in  the  combustor  fuel- 
tu-air  operational  range.  The  most  important  of  these  limiu  is 
the  lean  fuel-to-air  limit,  since  this  limit  restricts  the  operational 
altitude  of  the  turbojet. 

2.  EFFECT  OF  A  CHANGE  IN  FLOW  SCHEDULE 
\ 

The  change  in  no/rie  flow  schedule  caused  by  contaminant  accumulation 
iit  the  nozzle  will  resul'  in  (1)  an  increa.se  in  pressure  in  the  fuel  system, 
and  (2)  a  poor  fuel  distribution  in  the  burner  can. 

The  first  of  these  effects  svill  not  be  harmful  to  the  engine  fuel  pump 
unless  the  pressure  increases  to  the  pump  design  limit.  Most  fuel  systems 
loiitrol  flow  by  controlling  the  pressure  drop  across  a  fixed  area.  Normally 
the  fuel  pump  is  driven  by  the  engine:  consequently,  the  pump  speed  is 
almost  constani  tegaidless  of  the  engine  power  setting.  This  results  in  a 
constant  fuel  pump  diKharge  rate;-  and  the  fuel  that  is  not  being  consumed 
by  the  engine  is  recirculated  to  the  pump  suction.  If  contaminant  accumu¬ 
lates  in  a  nozzle,  the  pressure  drop  across  the  nuzzle  will  increase  and  thus 
cause  the  fuel  pump  diKharge  pressure  to  increase.  If  the  pressure  reaches 
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ihf  piiiiip  (l('.sigii  liiiiii.  .t  pi't‘Nsiiic-a< (ii.iit'd  icliti  valve  in  the  pump  dis- 
c  liar^f  line  will  open  and  Inel  will  he  bypassed  lo  the  pump  suction.  If 
this  (H(ins,  a  drop  in  net  thrust  will  txnir. 

change  in  the  nozzle  How  schedule  will  can.se  poor  fuel  distribution  in 
the  burner  because  normally  a  number  of  fuel  nozzles  are  operated  in 
jvaiallel.  1  hat  is,  several  nozzles  are  supplied  by  one  fuel  manifold.  The 
luel  distribution  in  the  (onibustoi  is,  therefore,  dependent  on  the  matching 
of  the  flow  schedule  of  the  nozzles.  With  (ontaininani  accumulation,  the 
flow  schedule  of  a  nozzle  will  (h4mge:  (onsequently,  the  fuel  distribution 
will  he  decreased.  .\s  ati  exantple  of  this  efiet  t,  lonsider  the  case  of  48 
simplex  type  fuel  nozzles  heiii"  supplied  hy  a  tontrol  system.  If  one  of 
the  nozzles  becomes  completely  plnggetl,  then  the  fuel  flow  through  the 
other  47  nozzles  will  he  iiurea-sed  to  IS  17  of  the  (original  flow.  The  fuel 
(ontrol  system  discharge  pressure  will  be  im  reased  to  (48/47)  “  of  the 
original  value  In  a  similar  manner  the  fuel  flow  through  the  unplugged 
nozzles  and  the  pressure  drop  atross  the  nozzles  ran  be  calculated  for  the 
eases  when  several  nozzles  are  plugged.  I'he  results  of  these  calculations  are 
shown  in  figure  I.*). 


/•igmi'  /5  hfli'd  (if  I’luggrtl  \i>.  /,  >  iin  hut  l  (.onlinl  Sutri'i  /■'/>  )}00 

Disih/irgv  Hreaurc 


.\n  iiitie.ise  iti  fuel  llovv  tlii<.>ii.gh  ihr-  unplugged  nozzles  will  result  in  a 
higher  fuel-io-air  ratio  m  a  poiiioii  of  the  engine  and  tould  result  in  a 
temperature  rise  in  that  portion  of  the  engine  that  is  alHive  the  allowable, 
by  the  simple  rair  illations  illiisii.iied  .diove  and  hy  assuming  that  the 
burner  r.iii  leiiifieralure  rise  is  rlirerily  |)roportional  to  the  fuel-to-air  ratio, 
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t  l!l  >.  L  1  'll 

iiiiiLi.  I  in'  ici.'!  ' 
linlu.ltis  .  ' 

'I'  ojK  i.in  '1  '■  ntiiii 


^  i>.^.  i  .1. ..  'If-  Oil  tiuiiiiic  blade  life  can  be  deter- 
.  II  IS  ji.  .  liui'.'  .lie  iiiii.sr.,iU'd  in  tij^ure  16.  The  figure 
;l  ^c'. l  ull  iiozilc-s  .lu  jjlu^^ed  the  engine  still  could 

llu  till  111. 1C. 


/'  \|.'|1'  id  i  ll  .  i  •!  I  ’■ 


in  M.  aidt  I  lii.'i'  Lift' 
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SECTION  V 

NOZZLE  SPRAY  TESTS 


A.  GENERAL 

Koi  hilfillnicnt  ol  Woik  SiaiciiR-iit  Item  I  of  tiie  ((^lUract,  nozzle  spray 
Icsi,^  uere  made  with  ( oiitaininaied  fuel.  I'he  pur|)ose  of  these  tests  was 
u)  detmiiiiii'  expeniiieiiially  the  efiet  Is  ol  t  oiitaniinated  fuel  on  the  per- 
loimaiue  of  hiel  nozzles  that  aie  used  in  lurrenl  turbojet  engines. 

In  the.se  tests,  a  eonsiant  iidei  nozzle  pressure  was  maintained;  therefore, 
the  contaminant  accumulation  in  the  nozzle  was  indicated  by  variation  of 
fuel  flow.  Retords  were  kept  of  the  spray  pattern  behavior  during  the 
tests.  Nozzle  calibrations  were  tnade  during  the  test  and  at  the  conclusion 
of  the  rest  Each  tiozzle  was  di.sa.ssembled  and  examined  at  the  conclusion 
of  the  test  to  determine  where  the  lontaminant  accumulated  in  the  nozzle. 

Iniluded  in  this  section  of  the  report  are  (1)  the  conclusions  of  the  nozzle 
spray  tests,  (2)  a  des<  ription  of  the  test  stand,  (3)  the  results  of  the  com¬ 
parative  nozzle  spray  tests,  and  (4)  the  results  of  additional  tests. 

B.  CONCLUSIONS 
/.  NOZZLE  TYPES 

a  In  swirl  type  nozzles  the  swirl  slots  arc  the  first  location  where 
contaminant  accumulates.  This  can  cause  a  significant  decrease 
in  flow  rate  (if  a  consunt  inlet  pressure  is  maintained) ;  however, 
it  will  not  affect  the  spray  pattern  significantly.  Swirl  slou  as  large 
as  0.018  X  0.018  in.  were  affected  by  contaminanu.  The  size  of 
the  slot  that  would  perform  for  60  hours  with  contaminated  fuel 
depends  on  nozzle  shape;  circular  slots  smaller  than  0.018  in.  would 
probably  give  satisfactory  performance.  If  a  350-micron  filter  is 
used  at  the  nozzle  inlet,  swirl  sluts  that  are  at  least  0.018  in.  and 
probably  as  small  as  0.014  in.  (the  screen  opening  size)  could  be 
used. 

1).  In  dual  orifice  nozzles,  contaminant  can  collect  at  the  annulus 
between  the  primary  and  secondary  orifice.  Accumulation  of  con¬ 
taminant  at  this  nozzle  location  tan  cause  pronounced  effects  on 
the  nozzle  spray  pattern;  streaks  and  gaps  in  the  spray  pattern  will 
appe.n.  It  was  found  that  an  annulus  of  0.027  in.  is  large  enough 
to  fjermit  satisfat.tory  operation  for  60  hours. 

t.  The  performaiue  ol  the  variable  area  nozzle  was  completely  un- 
satisfat  tory  with  tontaminated  fuel.  This  performance  is  con¬ 
sidered  to  be  typical  of  w  hat  could  be  expected  with  all  nozzles  in 
whit  h  the  outlet  area  is  variable  A  nozzle  in  which  the  slot  area 
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'  ■  III-  .lie. I  (Inal  oiitiie  that  was  evaluated) 

(Int-s  uoi  lit  nun  ihia  tate^'ury. 

(i  Ski)  I  type  nii//lts  (hai  arc  piopcily  designed  arc  capable  of  spraying 
(iiiitaiiiinatcd  liicl;  liirthcriiinrc,  the  spill  mr^zle  is  probably  the 
best  swirl  iio/zle  type  for  most  How  ranges. 

c.  A((  omul.niiiii  ot  ( niitaiiiiiiaut  at  ihe  seat  ot  the  flow  divider  valve 
(an  lau.sc  hysu'rc.>is  in  the  How  sthedule. 

I.  The  distance  between  moving  parts  must  be  less  than  0.00018  in.  or 
greater  than  0.0128  in.  These  clearances  are  adequate  for  contatn* 
inated  fuel  that  has  been  filtered  through  a  150-micron  central 
tiller  and  iheii  through  a  .*1.50  niit  ron  nozzle  filter. 


J  f  fl  TJ  R  S/Z/S 

Nio/lc  liltei  (Icsmii  i>  iiiipiiii.ini:  it  ihe  tilter  surfaie  area  or  the  filter 
openings  are  too  small,  the  filter  will  bciome  plugged  and  will  rupture, 
riius.  the  ( onianiinant  that  has  been  lollected  on  the  filter  can  be  carried 
to  the  tiiel  iio//le  11  this  im(  nrs.  nozzle  performatu  e  will  deteriorate  rapidly. 
A  .'I'i0-mi(  roll  tiliei  nh  .i  snil.n  e  .ire.i  lo  IneMlow  ratio  of  0.00.865  in*/lb/hr 
IS  .l(l(■(plal('  tor  tiO  hours  ol  ()|K'i.nion  with  ( ontaminated  fuel  that  has  been 
tillered  through  .t  l.aOmiiron  (cniral  tiller.  \  TIC-murim  filter  is  too 
large. 

I  COX  I  AMIS'AM  I  th  h  C  TS 

In  the  spiay  lest  seveial  obsei \ations  were  made  icgarding  the  (ontam- 
inanis  .nid  ilieii  elleds  I'hese  .ne  dis(  nssed  below: 

.1  I  iililn  led  .Mil  F  .'>007B  ( oni.imin.nii  plus  the  fungus  solution  is 
iiKi  severe  lot  .ill  ot  the  lurboji  t  liiel  nozzles  tested. 

b  l-iingiis  (.itises  piononoied  elleiis  on  nozzle  perlormanee.  During 
the  <  Insu-i  > oiidiiioinng  test.  .i  set  ol  v.iii.ible  .irea  dual  orifice 
iioz/Us  piiluiiiKd  v\(ll  (xiih  .Mil  Iv. 7007 U  lillered  through  a  150- 
iiiKion  s(i<-en  I  he  .iddnion  of  the  rnngiis  (.nised  abrupt  fliictua- 
lion  in  How  .nid  piessure. 

I  I  ml  ,tiul  Iniigos  io;;<ili(i  i.iii  biidge  l.irge  openings:  even  after 
being  liltcinl  ilnough  ,i  1 .70  mu  i  (>n  si  reen 

il  I  he  s.ili  w.iiei  t  Ol  lodes  .iw  .i\  iio/zle  p.iiis.  (aiirosioii  was  detected 
on  in.n leiisiiii  si.iniless  steels:  .insieiiiiii  type  staiide.ss  steels  are 
lonsideied  lo  In  a  Ixllii  ilioiit  loi  this  seiviie. 

e.  Tin  pieseuie  ot  the  i oiii.niiiii.inis  prob.ibly  iiu teases  the  erosion 
ol  nozzle  parts 
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C.  DISCUSSION 

/.  DESCRIPTION  OF  TEST  EQUIPMENT 

A  piping  diagram  uf  the  test  stand  used  during  the  contaminated  fuel  spray 
tests  is  shown  in  figure  17.  As  shown  in  the  figure,  a  circulating  fuel 
system  was  used.  The  contaminated  fuel  from  the  test  piece  was  returned 
to  the  main  fuel  supply  tank:  it  was  then  pumped  through  a  2-micron 
filter  where  all  of  the  solid  contaminants  (dust,  sand,  etc.)  were  removed. 
The  contaminant  addition  system,  which  is  shown  boxed  in  with  dotted 
lines  in  the  figure,  was  in  parallel  with  the  main  fuel  supply  pump.  This 
system  included  a  variable  speed  conveyor  that  dropped  the  solid  con¬ 
taminants  into  a  tank  where  they  were  mixed  with  fuel.  Some  of  the  fuel 
from  the  contaminated  fuel  pump  was  returned  to  the  tank  to  provide 
agitation.  The  remainder  of  the  fuel  flowed  through  the  150-micron  filter 
and  to  the  test  piece,  it  should  be  noted  that  the  fuel  was  contaminated 
to  the  level  specified  in  Mll.-E-r>007R  by  adding  contaminants  in  propor¬ 
tion  to  the  total  flow  being  supplied  to  the  main  supply  pump  and  the 
( ontaminant  addition  system. 


Figure  17  Contaminated  Fuel  Test  Stand  FD  3S09 

The  conveyor  belt  was  used  to  add  dust,  sand,  ferric  oxide,  and  cotton 
linters.  The  fungus  and  salt  water  solution  was  supplied  by  pouring  meas¬ 
ured  quantities  that  were  proportional  to  the  total  flow  into  the  contam¬ 
ination  mixing  tank  at  5-minute  intervals.  The  naphthenic  acid,  which  is 
a  liquid  contaminant,  was  added  to  the  icual  fuel  in  the  test  stand  only  at 
the  beginning  of  the  test,  since  the  2-mitron  filter  would  not  remove  it. 


25 


PRATT  &  WHITNEY  AIRCRAFT 


For  the  ttsiv  a  iiiaiiiloUl  was  built  tor  supplying  contaminated  fuel  of  the 
'.ame  concentration  to  six  different  nozzles.  This  manifold  is  shown  sche¬ 
matically  in  figure  18.  I  hc  contaminated  fuel  enters  this  manifold  at  the 
bottom  (the  manifold's  axis  of  revolution  was  vertical  during  the  test) . 
each  nozzle  was  fed  from  one  of  the  six  lines  that  are  attached  to  the  mani¬ 
fold  at  the  same  veitiial  level  and  are  equally  spaced  around  the  outer 
periphery  of  the  manifold. 


figure  IS  fuel  Manifold 


FD  ms 


riie  piping  arraiigemeni  that  was  used  during  the  test  is  shown  in  figure 
19.  .Since  eai  h  of  the  nozzle  inlet  pressures  was  different,  a  different  pressure 
drop  was  maintained  aincss  each  nozzle  prcs.surizing  valve  (the  valve  be¬ 
tween  the  manifold  and  eat  h  nozzle)  This  condition  was  achieved  with 
a  wide  setting  of  the  picssuiizing  val\e  by  maintaining  a  large  flow  rate 
through  each  nozzle  bypii.vs  valve.  Alter  the  test  was  started,  the  setting 
of  the  pressurizing  valves  was  not  distmbed:  the  inlet  pressure  to  c.tch 
nozzle  was  maintained  by  regulating  the  individual  nuzzle  bypass  valves. 
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Figure  19  Comparative  Soule  Test  Flow  Diagram  FD  iiii 

During  the  test,  fuel  samples  were  taken  at  several  locations  in  the  system 
and  contaminant  concentration  was  determined  by  millipore  tesu.  The 
resulu  of  the  millipore  tests  are  shown  in  figure  20  where  the  concentra¬ 
tions  are  plotted  against  time  during  the  comparative  noazle  spray  tesu. 
The  samples  were  taken  at  the  discharge  of  the  spill  nozzle.  The  150-micron 
filter  elemenu  were  changed  at  the  times  indicated.  (The  presence  of  this 
filter  is  the  reason  for  the  lower  than  specification  M1L-E-5007B  conuminant 
concentration.)  The  high  concentration  obuined  during  the  first  10  hours 
is  attributed  to  a  buildup  and  then  release  of  the  accumulated  contaminanu 
through  the  system.  No  attempu  were  made  to  improve  the  uniformity 
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<)l  (iic  <  >111  ((  lutiiii.inoii  level,  bediiise  ill  an  eiiKiiie  the  (ontani- 

iiunt  would  ait  uiiiiilate  at  .several  l(HatioiiD  ill  the  fuel  system  and  then 
he  (arried  through  to  the  nozzles. 

I  he  nozzles  wcie  mounted  iii  a  spray  Ixxith  so  that  spray  patterns  could 
he  observed 


coAj I'A HAH vt.  noule  spha y  tes ts 

A  liO-hotir  test,  whieh  lonsisted  ol  flowing  loiitaminated  fuel  through  six 
different  types  of  nozzles,  was  made.  In  this  test,  the  contaminated  fuel 
was  lilieied  through  a  l.'iO  init  ron  filler  in  the  main  fuel  line.  At  the 
( out  liisioii  of  the  (iO  hour  test,  the  l.'ill-init  run  filler  was  removed  from  the 
ng  aiui  ail  ait  eleiated  test  was  niatle  on  the  same  six  iioizles.  The  accelerated 
test  lasted  loi  17  hoiiis 

l  ilt'  nozzles  that  were  tested  ate  desirihed  in  table  I. 


l  AHl.L  I  NttZZLi:  I>EM:KII>TU)N.S 


NomIc  No. 

Noirit'  Ty|ir 

Approaimatr 

Flow  Range,  ib/hi 

Screen  Slae 

1 

Dual  Orifite  with 

Integral  Flow  Divider 

50  to  1050 

710  micron 

2 

Dual  Orifice 

70  to  555 

— 

Dual  Orifite 

65  to  1110 

.H70  micron 

1 

Dual  Orifite 

Variable  Area 

.15  to  875 

— 

X'ari.ible  Area 

.1)  to  875 

— 

(') 

.Spill 

0  to  7. HO 

- 

NO  I  K 

.\ozzlt  s  1.  >.  and  (>  siipplietl  by  the  Pal kei -Hannifin  Corporation: 
nozzles  2.  .Old  I  wer<-  supplied  by  ihe  tx-Cell-O  Corpsnation. 
.\s  di  noted,  only  iio/zles  1  and  .'f  eoniained  filters.  .Siiue  these  filters 
are  iiiiub  larger  th.iii  die  l<M)ini.sh  ( l.'H-inieron)  filter  that  was 
installed  at  the  piiiiip  disdi.uge.  these  filters  were  left  in  the 
mizzles.  These  biters  aie  the  size  ili.it  is  nornially  supplied  on  these 
two  prodiution  nozzles. 
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The  pBiMge  lisei  for  all  of  thew  nosilM  are  not  available  became  the 
noBks  were  obtained  on  comigiuuent:  however,  the  relative  paiuge  liae 
can  be  obtained  by  a  compariaon  of  the  noale  parameter  derived-  from 
dividing  the  flow  rate  by  the  iquare  root  of  the  noale  prenure  drop  for 
the  flow  rate  lelccted.  (Thia  parameter  it  equal  to  the  product  of  the 
diacharge  coefficient  and  the  outlet  orifice  area  of  a  noale;  it  will  be 
conitant  for  a  fixed  area  orifice.)  Table  11  preMnu  this  parameter  for 
each  of  the  noolet,  in  addition  to  the  flow  rate,  and  preaaure  at  which 
each  parameter  wu  obuined. 

TABU  II.  RELATIVE  NOUU  MIE 


NairieNa. 

Ottfkc 

riMinow, 

R/hr 

Prcsnirc  drop  at 
the  Vtwl  VIm 
iDdkatad,  pii 

NossIcSlae 
PatiflMtar, 
in*  a  IB* 

J 

Prinury 

90 

S75 

2.8 

Secondary 

160 

S75 

5.9 

2 

Primary 

67 

100 

4.0 

Secondary 

205 

100 

12.S 

S 

Prinury 

ISO 

100 

7.9 

Secondary 

510 

100 

Sl.O 

4 

Primary 

4S 

240 

1.7 

Secondary 

207 

240 

8.0 

5 

— 

250 

240 

9.6 

6 

7S0 

648 

17.0 

During  the  test,  the  inlet  pressure  to  each  noale  was  mainuined  constant. 
The  conuminant  accumulation  was  indicated  by  a  change  in  the  flow 
rate.  The  inlet  preuure  that  was  mainuined  and  the  corresponding  flow 
rate  for  each  noale  are  given  in  ubie  111. 


TABU  111.  TEST  CONDITIONS 


Nook  No. 

Inlet  Prcwirc,  ptig 

Flow  Rate,  Ib/hr 

1 

•S75 

250 

2 

257 

110  (Primary) 
150  (Both) 

S 

174 

170  (Primary) 
3S0  (Both) 

4 

240 

250 

5 

265 

250 

6 

S85 

200  (Spill  Chamb.  Press.) 

730  (Inlet  Flow) 
150  (Outlet  Flow) 
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1  lie  piiliinii.iiue  <>l  e.uh  ol  die  nozzles  during  the  tests,  and  the  results 
ol  the  post  test  examinations  are  presented  below; 


(I  Xozzlf  iVri,  /  {Dual  Orifice  Soizle  with  Integral  Flow  Divider) 


A  schematic  of  this  nozzle  is  shown  in  figure  21.  The  flow  divider  valve 
IS  approximately  thiee  iiuhes  upstream  of  the  dual  orifice.  A  710-inicron 
vreen  filters  the  liul  flow  to  the  setoiidary  orifice;  and,  according  to 
Parker  Haiiiiitin.  the  primary  orifice  is  protected  by  a  coarse  sieve  arrange¬ 
ment. 


Figure  21  Dual  Orifice  Soizte  with  Irnef^rul  Flow  Divider  Valve  FD  )I8I 

(Noule  No.  1) 

A  history  of  the  fuel  flow  from  this  nozzle  is  shown  in  figure  22.  As 
shown  in  the  figure,  the  flow  dropped  abruptly  during  the  first  two  hours 
of  the  test.  The  flow  dropped  to  approximately  the  flow  rate  of  the 
primary  orifice,  indicating  that  either  the  flow  divider  valve  or  the 
secondary  orifice  was  cciiiipletely  plugged.  As  shown  in  the  figure,  the 
primary  orifice  continued  to  flow  until  the  accelerated  test  was  started; 
then  it  Itegan  to  plug 


Figure  22  Furl  Flow  t'anatiou.  tivul  Onlur  \iiulr  wtlh 
Integral  Flow  Divutet  {.\ozzlr  No.  I) 


FD  W7 
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During  the  first  60  hours,  this  nozzle  consistently  produced  a  fine  spray 
with  a  light  streak.  Periodically,  there  would  be  gaps  in  the  spray  cone. 
During  ihe  accelerated  test,  this  nozzle  performed  poorly.  The  flow  rate 
was  only  25  percent  of  normal  at  an  inlet  pressure  of  S75  psig,  and  the 
spray  pattern  was  skewed.  The  final  calibration  data  are  compared  with 
(1)  the  data  obtained  after  the  60-hour  test,  and  (2)  the  irtitial  calibration 
data  in  figure  2.S.  The  large  decrease  in  flow  indicates  how  severely  the 
nozzle  was  plugged. 


Ql  -I . —  X  —I  J  . I . i.  —1 1 .1 

200  300  400  500  600  700 

PRESSURE  -  PSIG 


Figure  23  Calibration  Data,  Dual  Orifice  Noxxle  with 
Flow  Divider  (Nozzle  No.  I) 


FD  3030 


Figure  24  shows  the  nozzle  after  it  was  disassembled  following  the  accel¬ 
erated  test.  The  dual  orifice  is  contained  in  the  part  indicated  in  figure 

24.  An  enlarged  view  of  this  part  looking  downstream  is  shown  in  figure 

25.  (An  attempt  was  made  to  remove  the  metering  parts  from  the  housing 
but  it  was  found  that  this  would  result  in  damage  to  the  nozzle.  There¬ 
fore,  since  the  nozzle  is  on  consignment  from  the  Parker-Hannifin  Cm- 
poration,  further  disassembly  was  not  made.)  Close  examination  revealed 
that  contamination  had  almmt  bridged  the  inlet  slou  that  lead  to  the 
swirler  of  the  secondary  orifice,  and  also  the  annulus  between  the  primary 
and  secondary  orifices.  Consequently,  the  flow  from  the  secondary  orifice 
was  low,  which  explains  the  large  decrease  in  fuel  flow  that  occurred  during 
the  test.  The  presence  of  the  710-micron  filter  apparently  was  not  effective 
in  keeping  the  secondary  orifice  clean.  The  primary  orifice  inlet  and  outlet 
were  clean. 
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Figure  21  Dual  Orifice  Nozzle  wUh  Inirgtal  Flow  IHi'iilrr  FD  1180 

(Nozxle  No.  I f—lHsastembled  after  Test 
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0.5  IN.- 


Of  F.nlargcd  View  of  Dual  Oiifice  Soule  (Soule  So.  1)  FD  )162 

The  flow  divider  valve  was  relatively  clean.  A  small  ring  of  ferric  oxide 
adhered  to  the  poppet  at  the  seat  hxation.  This  would  have  resulted  in 
hysteresis  if  the  secondary  nozzle  had  nol  been  so  severely  plugged.  This 
ring  of  contamination  may  be  the  reason  for  the  hysteresis  observed  during 
the  calibration  following  the  60-hour  test. 

Although  the  secondary  orifice  is  larger  than  the  primary  orifice,  it  plugged 
during  the  test;  the  primary  orifite  continued  to  flow.  This  is  att:i!'uied 
to  plugging  of  the  small  annulus  between  the  two  orifices.  If  the  primary 
onfiie  had  been  inside  the  .secondary,  the  secondary  orifite  would  not  have 
()lugged. 


b.  Nozzle  No.  2  (Dual  Orifice  Nozzle,  70  to  llilhr  Flow  Range) 

This  nozzle  is  typical  of  dual  orifice  nozzles  that  are  used  on  turbojet 
engines.  A  cutaway  drawing  of  the  nozzle  is  shown  in  figure  26.  The 
important  dimensions  of  this  nozzle  are  given  in  table  IV. 
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Figure  2ti  Dual  Orifite  \<izile  i'.ulaway  (\ozile  So.  2)  FD  3169 


TABLE  IV.  NOZZLE  SPECIIFICATION 


Primary 

Secondary 

Outlet  orifice  diameter,  inch 

0.048 

0.105 

No.  of  swirl  slots 

3 

6 

Area  of  a  swirl  slot,  in- 

0.000126 

0.000746 

Diameter  of  swirl  c  hamber,  inch 
Dimension  ol  a  square  slot  with 

0.1. >5 

0.250 

the  same  area,  inch 

0.01  >3 

0.0274 

The  thickness  of  the  annulus  l>etween  the  primary  and  secondary  is  0.0065 
inch.  The  primary  slots  are  almost  trian(i;ular  in  cross  section;  the  secondary 
swirl  slots  are  square. 

A  hand-operated  metering;  valve  was  put  in  the  supply  line  leading  to 
the  secondary  orifite  to  simulate  a  flow  divider  valve;  during  the  test 
contamitiant  accumulated  in  this  valve.  Constant  monitoring  was  required 
to  keep  this  valve  clear  of  contaminant  and  keep  fuel  flowing  to  the 
secondary  orifit  e.  Camsequeiitly  it  was  dec  ided  to  citwe  the  metering  valve 
atid  test  the  primary  orifite  as  a  simplex  nozzle.  This  decision  produced 
equally  valuahle  program  results  l>eiau.se  both  the  .secondary  and  primary 
orifices  are  the  siuue  basic  type.  The  only  additional  location  for  con¬ 
tamination  to  act  umulate  in  the  secotidary  orilice  is  in  the  annulus  between 
the  primary  and  secimdary  orifices, 

A  plot  of  nozzle  fuel  flow  during  the  test  for  a  constant  inlet  nozzle 
pressure  of  257  psig  is  presented  in  figure  27.  As  shown  in  the  figure, 
after  the  valve  in  the  sectmdary  supply  line  was  closed,  the  primary  flow 
was  normal  until  the  valve  was  opened  during  the  26th  hour  of  the  test. 
The  valve  was  opened  to  determine  if  contamination  would  accumulate 
in  the  annulus  lietweeii  the  primary  atid  secondary  orifices.  Streaks  oc¬ 
curred  frequently  when  this  valve  was  open;  indicating  that  contaminant 
was  iK'ing  held  up  momentarily  at  the  annulus.  .After  the  .S6th  hour 
(with  the  valve  in  the  secondary  orifite  supply  line  closed) ,  the  primary 
l>egan  to  clog  atid  the  fuel  flow  dropped. 
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0  14  32  41  44  to 


TIMI  •  HOURS 

H^;uie  27  Fuel  Flow  I'ariatian,  Dual  Orifue  S’oztle  (Xotzle  Xo.  2)  FD  3f38 

!  till  ing  the  accelerated  test  the  primary  stopped  flowing  completely  three 
times  as  shown;  one  time  the  flow  remained  zero  for  Sjf  hours.  During 
these  times  a  constant  inlet  nozzle  pressure  of  257  psig  was  maintained. 
.\pparently  some  large  piece  of  contaminant,  possibly  fungus,  had  plugged 
the  outlet  orifice  or  the  swirl  slots. 


The  results  of  the  post-test  calibrations  are  presented  in  figure  28.  It 
should  be  noted  that  there  is  little  difference  between  the  calibration 
data  taken  after  the  60-hour  test  and  that  obuined  after  the  17-hour 
(accelerated)  test.  Apparently  the  contamination  that  caused  complete 
flow  stoppage  was  carried  through  the  nozzle. 


PRESSURE  -  PSIO 


Fifrurr  2H  i'.alibration  Data,  Dual  Orifue  Nozzle  (Nozzle  No.  2)  FD  3027 
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The  nozzle  is  shown  disasst'mhled  in  figure  29.  As  shown,  contamination 
accumulated  in  the  swirler  slots,  although  not  severely.  It  should  be  noted 
that  the  large  decrease  in  flow  at  a  constant  inlet  pressure  accompanying 
the  small  accumulation  of  contaminants  in  the  swirl  slots  indicates  the 
sensitivity  of  nozzles  to  plugged  passages 


Figure  2V  Dual  Orifue  \ozzlf  (Nozzle  No.  2)—l>»sauembled  after  Test  FE  ISJf) 

Other  than  these  two  l(Kaiions,  the  nozzle  metering  parts  were  fairly  clean. 
Complete  plugging  incurred  in  one  of  the  holes  in  the  primary  nozzle 
screen  support,  through  whidi  fuel  flows  beh»re  entering  the  primary 
nozzle.  This  did  not  affett  nozzle  performance;  probably  because  there 
are  several  additional  holes  for  fuel  pas.sage.  Furthermore,  since  the  holes 
are  fairly  large  (approximately  0.10  inch  diameter),  an  increase  in  pres¬ 
sure  drop  would  probably  fime  the  (oniaininaiil  through  the  hole. 

c.  Nozzle  No.  )  (Dual  Orifice  Nozzle,  67  to  IIIO  Ibthr  Flow  Range) 

This  nozzle  is  a  large  version  of  Nozzle  No.  2.  The  schematic  shown  in 
figure  26  shows  how  the  tiozzle  is  made. 

The  dimensions  of  this  nozzle  are  given  in  table  V. 
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TABLE  V.  SPECIFICATIONS  FOR  NOIELE  NO.  S 


Prteuy 

Sscondwry 

Outlet  orifice  diameter,  inch 

0.0543 

0.135 

No.  of  swirl  slots 

4 

8 

Area  of  a  swirl  slot,  in^ 

0.000355 

0.001715 

Diameter  of  swirl  chamber,  inch 

0.1565 

0.344 

Dimension  of  a  rectangular  slot 
with  the  same  area,  inch 

0.0189 

0.0415 

The  thickness  of  the  annulus  between  the  primary  and  secondary  orifices 
is  0.0186  inch.  The  primary  swirl  slou  have  a  triangular  crou-sectional 
area;  the  secondary  swirl  slots  are  square.  A  S70>micron  screen  that  filters 
the  fuel  to  both  orifices  was  left  in  the  noule  during  the  test. 

A  valve  was  placed  in  the  line  supplying  the  secondary  orifice  (as  was 
done  with  Noule  No.  2) .  This  valve  also  required  close  monitoring  so 
only  the  primary  orifice  was  tested  during  most  of  the  test. 

Figure  30  is  a  record  of  the  fuel  flow  to  noule  No.  3  during  the  test. 
The  nozzle  performed  well  during  the  first  60  hours  of  the  test.  Fuel  flow 
dropped  toward  the  end  of  this  period.  No  streaks  were  detected  in  the 
spray  pattern  at  any  time  during  the  first  60  houn,  even  when  the  valve 
in  the  secondary  supply  line  was  open.  The  370-micron  screens  apparently 
were  effective  in  keeping  the  large  particles  from  entering  the  secondary 
orifice  and  being  held  up  in  the  orifice  annulus. 
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1  he  pei*i>i  (iiaiuc  ot  this  duriii((  the  17-hour  test  was  poor.  With 

the  inlet  pressure  tnaintaiiied  constant  at  174  psig,  the  fuel  flow  from  the 
nuzzle  gradually  decreased  from  approximately  150  to  50  Ib/hr.  The 
severity  of  the  contaminant  accumulation  is  indicated  by  the  final  calibra¬ 
tion  data  showti  in  figure  III. 


to  20  40  *0  M  too  200  400  000  M>00 

PRESSURE  -  PSIG 

figure  U  Cahbraiwn  Data.  Itual  (hijuc  .Vo.  })  FD  3028 


The  nozzle  is  shown  disassc'inhied  in  figure  .12.  As  shown,  there  were 
heavy  totitaininant  deposits  on  the  primary  orifice  screen,  the  primary 
orifice  screeti  support,  and  on  the  spring  that  holds  the  primary  orifice 
swirler  in  position.  .Also  one  slot  of  the  primary  orifice  swirler  was  com¬ 
pletely  filled  with  (ontaiiiinatioii,  and  heavy  deposits  (X'cnrred  around  the 
perimeter  of  the  primary  orifice  swirler.  Kven  though  the  screen  was  found 
to  Ire  ruptured  upon  disassembly,  it  is  believed  that  it  remained  intact 
during  the  (iO  hour  test  and  was  effec  tive  in  protecting  the  metering  parts 
of  the  priinary  orifice  Tliis  theory  is  supported  by  (1)  the  fact  that  the 
|ierformanc  c-  of  this  no//le  during  tlie  (>()-hour  test  was  gcxrd,  and  (2)  the 
gcMKl  agreement  iKiweeii  the  initial  caliliration  data  and  the  calibration 
data  obtained  after  the  fiO-hoiir  test  The  .screen  w.is  ruptured  during  the 
.cccelerated  test  and  the  contaminant  that  had  adhered  to  the  outside  of 
the  screen  was  carried  to  the  orifice  metering  parts.  This  in  turn  caused 
the  severe  plugging  that  is  evidenced  l>y  the  fitial  calibration  data. 
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figure  J2  Dual  Orifice  Nozzle  (\oiUe  No.  ))—Uiiauembled  After  Test  FE  18}}6 


d.  Nozzle  No.  4  (Dual  Orifice.  Variable  Area  Nozzle) 

Th  is  is  a  dual  orifice  nozzle  in  which  the  secondary  swirl  slot  area 
varies  svith  the  nozzle  pressure  drop.  A  schematic  of  this  nozzle  is 
shown  in  figure  311.  Pan  A  in  the  figure  contains  the  primary  orifice,  this 
part  is  also  spring  located  and  schedules  flow  to  the  secondary  orifice.  At 
pressures  less  than  150  psi,  this  part  is  seated  against  part  B  at  the  location 
X.  As  the  pressure  is  increased,  part  B  mttves  outward  away  from  its  seat; 
this  movement  uncovers  the  secondary  slots  that  are  located  as  indicated 
in  the  figure.  The  important  dimensions  of  this  nozzle  are  listed  in 
Table  VI. 
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IMII  HOW 
TO  NOIIll' 


Figure  ??  I'at table  Area  Dual  Orifue  X'ozile  Sthematii  {\onle  So.  4)  FD  3561 


TABLE  VI.  SPECinCATIONS  OF  NOZZLE  NO.  4 


Outlet  orifice  diameter,  inch 

No.  of  swirl  sluu 

Area  of  a  swirl  slot,  in^ 

Diameter  of  a  swirl  chamber, 
inch 

Dimensions  of  a  square  slot 
with  the  same  area,  inch 


Primary 

Secaodary 

o.o.n5 

0.120 

2 

6 

0.000328 

0  to  0.010  (Variable) 

0.125 

0.400 

0.0182 

0  to  0.1 

The  thickness  between  the  primary  and  the  secondary  orifices  is  0.0266 
inch.  The  primary  orifice  swirl  slots  are  square;  the  secondary  slots  are 
almost  triangular  in  cross-set  tion. 


NOTE 

The  annulus  l>eiweeii  the  pintle  and  the  secondary  swirl  chamber 
diameter  that  is  referred  to  repeatedly  in  this  report  is  the  annulus 
between  the  parts  A  and  ('.  as  indicated  in  figure  fii.  Initially 
this  annulus  was  0.005  inch  (125  microns)  thick. 
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During  the  test,  the  flow  was  either  excessive  or  lower  than  nomul  as 
shown  on  figure  34.  This  performance  is  attributed  to  the  position  of  the 
pintle.  Exceuive  flow  occurred  when  the  pintle  was  stuck  open,  while 
flow  below  normal  occurred  when  the  pintle  was  in  a  normal  position,  and 
contamination  that  had  accumulated  at  another  nozzle  location  limited  the 
flow.  In  addition,  several  times  it  was  necessary  to  clear  the  nozzle  by 
reducing  and  then  increasing  flow,  because  of  accumulation  of  contam¬ 
inants  between  the  pintle  and  the  secondary  orifice  swirl  chamber.  This 
nozzle  location  is  indicated  in  figure  3.3.  The  clearance  at  that  point  is 
only  125  microns.  Particles  caught  there  and  held  the  pintle  open.  When 
the  pressure  was  reduced,  the  spring  forced  the  pintle  backward  toward 
its  seat.  This  action  cleaned  the  contaminant  from  the  nozzle. 


0  16  32  4t  «4  10 


TIME  -  HOURS 


Figure  U  Fuel  Flow  I'anation,  Variable  Area  Dual  Orifice  Soule  FD  )f24 

(Soule  So.  4) 


I  he  calibration  data  for  this  nozzle  are  given  in  figure  35.  At  the  begin¬ 
ning  of  the  calibration  following  the  60-hour  test,  the  pressure  was  increased 
from  zer<i  to  200  psig.  At  this  pressure  the  pintle  became  stuck  open, 
permitting  the  flow  to  gush  out.  When  the  pressure  was  reduced,  the 
nozzle  cleared  and  the  calibration  was  completed.  In  the  calibration  after 
the  accelerated  test  the  primary  orifice  was  apparently  plugged  because  no 
flow  was  obuined  until  the  pressure  reached  200  psig. 
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t'tgurf  if  (Calibration  Italu,  I'ariable  Area  Dual  Orifice  Notzle  FD  i03l 

(Nozzle  No.  ■!) 


This  nozzle  is  shown  disassembled  in  fi({ure  .Hh.  It  should  be  noted  that 
fungus  and  lint  have  bridged  one  of  the  openings  at  the  inlet  to  the 
nozzle  metering  settion.  The  tondition  of  the  secondary  orifice  is  shown 
in  figure  37.  Note  the  <<>tton  linters  that  have  accumulated  on  the  pintle. 
The  two  openings  leading  to  the  primary  orifice  were  plugged  — one  100 
percent,  the  other  approximately  80  percent. 

.Salt  water  caused  toiisiderable  tmrosion  on  the  spring  retainer  and  adjust¬ 
ing  shims  as  shown  in  ligiire  37.  The  retainer  was  pitted  severely  and 
about  75  percent  of  one  shim  was  corroded  away.  These  pieces  are  made 
of  martensitic  stainless  sieel.  which  has  only  fair  corrosion  resistance  to 
salt  soliititin.  Aiisienitu  stainless  steel  that  has  a  gtxxl  corrosion  resistance 
would  lx*  a  better  material  lor  service  with  contaminated  fuel. 
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Figure  36  f-'ariab/e  Area  Dual  OrifUe  Soule  {Soule  So.  4)—  FE  18360 

Disassembled  after  Test 


SECONDARY  ORIFICE  SWIRLER  A  PINTLE - ' 


Figure  37  Enlarged  f’iew  of  Secondary  Orifice  Su’irler  and  Pintle  FE  183S8 

(Nozsie  So.  4) 
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e.  Nozzle  No.  5  (Variable  Area  Nozzle) 

A  schematic  of  this  nozzle  is  shown  in  figure  38.  As  shown  in  figure  39, 
this  nuzzle  was  affected  by  contaminants  shortly  after  the  test  started. 
During  the  first  part  of  the  test,  contaminant  particles  were  apparently 
caught  between  the  seat  and  the  pintle  because  the  flow  was  high  and 
heavy  streaks  (x:curred  in  the  spray  pattern.  These  heavy  streaks  continued 
during  most  uf  the  test. 


LIPIEI 


SHIMS-^  SnUNO- 


Figure  )8  Variable  Area  S'ozzle  Schernalii  (\ozzJe  \o.  f) 


FD  3170 
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Figure  i9  Fuel  Flow  Varialum,  Variable  Area  Noule  (Sozde  So.  1)  FD  3327 
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During  the  accelerated  test  the  flow  from  this  nozzle  dropped  much  below 
normal  and  remained  there  for  the  rest  of  the  test.  It  was  not  possible  to 
clear  the  nozzle  of  conuminanu  by  reducing  the  pressure. 

The  calibration  data  are  presented  in  figure  40.  The  data  taken  after 
the  60-hour  test  indicated  that  contamination  is  holding  the  pintle  open, 
since  a  higher  than  normal  flow  was  measured  at  pressures  up  to  300  psig. 
At  400  psig,  the  contaminant  accumulation  at  another  location  in  the  nozzle 
limited  the  flow  to  a  value  below  normal,  as  shown.  Upon  decreasing  the 
pressure,  the  pintle  was  held  open  widely,  as  demonstrated  by  the  high 
flow  rate.  The  data  taken  after  the  accelerated  test  illustrate  that  the 
nozzle  was  severely  plugged. 


0  100  200  300  400  SOO 

PRESSURE-  PSIG 


Figurt  10  Calibration  Data,  Variable  .Irra  \aule  (Xoitle  So,  f)  FD  )0Z9 


This  nozzle  is  shown  disassembled  in  figure  41.  The  passages  leading  to 
the  variable  area  outlet  orifice  are  completely  plugged.  (This  part  of  the 
nozzle  is  in  the  nozzle  cap  and  cannot  be  seen  in  figure  41.) 
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hgurr  4t  I'aiiiihte  \iizJf  {SttzzU  No.  5j—  FD  3168 

Disassembled  after  Test 

/.  Nozile  No  6  (Spill  Nozzle) 

A  schematic  ol  this  nozzle  is  shown  in  fif^ure  42.  This  nozzle  was  relatively 
unaffected  by  contatninanis  durin^t  ihe  first  60-hour  test.  During  the  ac¬ 
celerated  test,  flow  dropped  from  740  lb /hr  to  180  lb/ hr.  E?:amination 
of  the  nuzzle  after  dis.issembly  revealed  that  no  contamination  existed  at 
any  location  in  the  nozzle.  However,  it  was  found  that  erosio  t  had  in¬ 
creased  the  diameter  of  the  swiil  chamber  approximately  !■  inch,  and 
in  addition  had  roughened  the  internal  walls  of  this  chamber.  Also,  a 
small  hole,  approximately  the  same  size  as  the  inlet  swirl  chamber  holes, 
had  been  eroded  thnmgh  the  swirl  chamber  wall.  This  hole  is  shown  in 
figure  43.  Because  this  h<ile  enters  the  chamber  radially  and  not  tangen¬ 
tially  (as  the  original  holes  do) ,  the  turbulence  created  in  the  swirl  chamber 
limits  the  fuel  flow  to  a  value  Itelow  normal  for  the  same  inlet  nozzle 
pressure.  This  fact  explains  the  dist  repancy  in  the  calibration  data  pre¬ 
sented  in  figure  44. 

CHAMBER 


TANGENTIAL 
SLOTS 

FUEL  INLET 

Figure  42  SftiU  Nozzle  Stbrmalu  (Nozzle  No.  h)  FD  3173 
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Figure  44  Calibration  Data,  Spilt  \oiJc  i\'ozzte  \o.  6} 


FD  3!47 


47 


PRATT  a  WHITNEY  AIRCRAFT 


J.  !  IN  A 1.  NOZZl.K  SPRAY  TEST 

In  a  final  nozzle  spray  test,  four  nozzles  were  evaluated  during  a  dfMiour 
contaminated-fuel  spray  test:  a  dual  orifice  nozzle  that  was  designed  by 
Delavan  Manufacturing  Company  to  spray  contaminated  fuel,  and  three 
variable  area  dual  orifice  nozzles.  The  three  modified  variable  area  dual 
orifice  nozzles  are  the  same  as  the  variable  area  dual  orifice  nozzle  (Nozzle 
No.  4)  that  was  evaluated  during  the  comparative  nozzle  spray  tests.  The 
nozzles  tested  are  descril)ed  in  table  VII. 

TABLE  VII.  NOZZLE  DESCRIPTION 

Description 

A  Delavan-designed  dual  orifice  nozzle  for  spraying 
contaniinaled  fuel 

A  variable  area  dual  orifice  nozzle  with  a  320-micron 
clearance  between  the  pintle  and  the  secondary  swirl 
chamljer  diameter,  and  with  a  350-micron  screen  filter 

A  variable  area  dual  orifice  nozzle  that  is  identical  to 
Nozzle  No.  2,  except  for  the  filter 

A  variable  area  dual  orifice  nozzle  with  a  1000-micron 
clearance  between  the  pintle  and  the  swirl  chamber 
diameter 

The  four  nozzles  were  tested  simultaneously  in  the  same  equipment  used 
during  the  comparative  nozzle  spray  tests. 

The  following  piiragraphs  describe  the  nozzles,  their  performance  during 
the  test,  and  the  results  of  post-test  investigations. 

a.  Dual  Orifice  Nozzle  (Delavan  designed) 

The  nuzzle  design  is  shown  in  figure  45.  The  important  dimensions  of  this 
nozzle  are  listed  in  Table  VIII.  The  thickness  of  the  annulus  between  the 
primary  and  secondary  orifices  is  0.028  inch;  both  primary  and  secondary 
orifice  slots  are  square. 


TABLE  VIII.  SPECIFICATIONS  FOR  DELAVAN  NOZZLE 


Prinry 

Secoodary 

Outlet  orifice  diameter,  inch 

0.034 

0.125 

No.  of  swirl  slou 

1 

8 

Area  of  a  swirl  slot,  in* 

0.0004 

0.0009 

Dimension  of  a  square  slot  with 
the  same  area,  inch 

0.020 

0.030 

Notalc  No. 
1 

2 

3 

4 
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Fiffurf  /5  Dual  Orifitf  XaziU  {lirlai’iin  /Viijjii) 


FD  3491 


The  flow  schedule  of  this  nozzle  is  the  same  as  that  for  the  variable  area 
dual  orifice  nozzles.  Since  a  flow  divider  valve  was  not  supplied  with  the 
nozzle,  the  primary  and  secondary  orifices  were  tested  separately.  A  pres¬ 
sure  of  240  psig  was  maintained  on  the  primary  orifice  and  200  psig  was 
maintained  on  the  secondary  orifice. 

Post-test  examinations  revealed  that  the  primary  orifice  ruptured  during 
the  test  and  that  a  portion  of  it  was  bItK'king  the  outlet  of  the  secondary 
orifice.  This  fact  probably  caused  the  poor  performance  that  is  described 
in  the  following  paragraph. 

The  nozzle  flowed  poorly  s<xin  after  the  test  began.  The  primary  never 
flowed  properly  after  the  initial  calibration,  .\fter  only  12  hours  of  testing, 
the  flow  dropped  more  than  .SU  psTteni.  \  distorted  spray  pattern  was 
common  throughout  the  test.  The  nozzle  was  removed  from  the  test  bench 
after  47  hours.  The  calibration  curves  in  figure  46  indicate  the  loss  in 
flow  that  this  nozzle  experienced  every  12  hours. 

V 

h.  Variable  Area  Dual  Orifice  Xozzlc  IVith  A  1'>0  Micron  Filter 
(320-Microti  Clearance) 

This  nozzle  was  the  same  type  of  nozzle  that  was  tested  in  the  comparative 
nozzle  spray  test,  except  that  the  radial  clearance  lietween  the  pintle  and 
the  swirl  chamber  of  the  secondary  orifice  was  increased  from  125  to  320 
microns.  This  nozzle  contained  a  .3.50-micron  m  reen  at  the  nozzle  inlet. 
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Figurf  46  Calibration  l>ala.  Dual  Orificr  Noule  (Delavan  Design)  FD  i)VJ 


The  nozzle  flowed  extremely  well  during  the  60-hour  test;  there  were  only 
small  fluctuations  in  fuel  How  as  shown  in  figure  47.  It  was  not  necessary 
to  clear  the  nozzle  periodically  as  it  was  during  the  comparative  nozzle 
spray  test.  As  shown  in  figure  48,  there  was  excellent  agreement  of  the 
calibration  data  before  and  after  testing. 


Figure  47  Fuel  Flow  hiriatioti.  I'uriable  Area  Dual  Drtfue  Nos^e  FD  iiOi 

u'llb  )fO-Mi<ioti  Filler  (JZO-Mu  ran  clearance) 
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HguTf  -tS  Ciilibrnliiin  Ihila,  I'ariablr  Dual  Orijiir  \'ozzl<’  FD  })88 

with  3}0-Micron  Filter  (320-Micron  Clearanie) 


The  g(K)d  performance  of  this  nozzle  illustrates  another  important  point  — 
the  minimum  required  clearance  between  moving  parts.  In  this  nozzle  the 
clearance  between  parts  A  and  C  of  figure  is  0.00018  inch  (4.5  microns) . 
The  particles  of  contaminant  less  than  5  microns  either  did  not  get  between 
the  parts  or  their  presence  did  not  cause  seizure  of  the  poppet.  With  this 
minimum  dimension  established,  it  appears  that  the  clearance  between 
moving  parts  should  be  less  than  0.00018  inch  or  greater  than  0.0128  inch. 

The  nuzzle  was  disassembled  after  testing.  The  primary  orifice  was  free 
of  any  contaminant  deposits.  The  secondary  orifice  was  relatively  free  of 
contaminants  as  shown  in  figure  49.  It  is  apparent  that  the  550-micron 
screen  filtered  the  large  particles  from  the  nozzle,  which  permitted  satis¬ 
factory  operation  hir  the  duration  of  the  test. 
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3SO-MICION  FIlTit 

hffure  4‘>  Variable  Area  Dual  Orifiie  \imle  leitb  l^O-Murun  Fitter  FI)  3)96 

(320-Micron  Clearance) 

(.  Variable  Area  Dual  Orifice  Nozzle  (320-Micron  Clearance) 

This  nozzle  is  ideiuicil  to  ilu*  nozzle  dist  ussed  in  b  above;  it  was  tested 
without  a  street!.  The  perlonnante  ol  this  nozzle  was  |i;ood,  and  it  was  noi 
neees.s;try  to  <  lear  the  nozzle  by  reductions  in  the  inlet  pressure.  However, 
some  (ontaminant  did  act  innulate  in  the  nozzle,  as  it  lust  approximately 
20  penent  of  its  flow  during  the  (iO-hour  test  as  shown  in  fij^ure  50.  This 
is  also  shown  in  figure  51,  which  tompares  the  calibration  data  before 


TIME  -  HOURS 

Figure  30  Fuel  Flow  Variation,  Variable  .lira  Dual  Orifiie  S'oiile  FD  3433 

{320-Micron  Clearance) 
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100  150  200  250  300  350  400 

PRESSURE  -  PSI6 

Figure  5/  Calibnilioii  IhUn,  I'aruihle  liiu  Ihitil  Otifue  Smile  FI)  )JSS 

(320-Muiun  Clearanee) 

Kxaiiiiu.iiiini  (il  ilu-  (lisasscntbled  iio//le  revealed  that  the  primary  orifice 
had  clogged.  The  setondary  orifite  (oniaiiied  some  timers  and  fungus, 
although  atdimulaiiou  was  not  H‘vere.  A  photograph  of  the  nozzle  parts 
is  shown  in  figure  52. 


figure  i2  Variable  Area  Dual  Orifue  Smile  {}2oMu  iitii  Cleaiaitte)  FE  19381 
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d.  Variable  Area  Dual  Orifice  Nozzle  ( lOOO-Micron  Clearance) 

This  iiDZzIr  is  the  siime  nozzle  type  as  those  dist  iissed  in  a  and  b  above, 
except  that  tite  dearame  l)eiween  the  primary  and  secondary  bfxiy  was 
increased  to  1000  microns. 


The  flow  of  the  nozzle  dropped  approximately  25  percent  during  the 
60-hour  test  as  indicated  in  figure  53  and  on  the  calibration  curves  in 
figure  54.  It  was  found  during  p>ost-test  examinations  that  the  primary 
orifice  was  plugged:  this  is  the  cause  for  the  drop  in  flow.  A  photograph 
of  the  nozzle  parts  is  shown  in  figure  55. 
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figure  }}  fuel  Flow  I'arialion.  I'atmhtr  Aim  Dual  Orijin'  S'oizic  FD  3}23 

(lOOO-Micron  Clearance) 


PRESSURE  -  PSIG 

Figure  34  Calibration  Data.  Variable  Area  Ihtal  Onjiie  .\ozzle  FD  3386 

(lOOO-Micron  Clearance) 


51 


PRATT  &  WHITNEY  AIRCRAFT 


Figure  55  Variable  Area  Dual  Orifire  S'oiile  (lOOO-Mtiron  Clearance)  FE  19)80 
e.  Results 

Comparison  between  the  results  obtained  with  the  modified  variable  area 
dual  orifit  e  norzles  and  those  obtained  with  nozzle  No.  4  of  the  comparative 
nozzle  spray  test  indicates  that  improvements  can  l>e  made  to  nozzles  to 
improve  their  performance  when  sprayin(>  (ontaminated  fuel.  It  also  can 
lie  concluded  that  a  .s<reen  at  the  nozzle  inlet  is  very  important.  It  is 
lielieved  that  a  teiitral  filter  is  mit  as  efiet  tive  as  a  lilter  at  the  nozzle  inlet 
liecause  (ontaminanis  app;irenily  agglomerate  after  going  through  the  cen¬ 
tral  filter.  This  results  in  large  particles  of  contaminant  that  are  capable 
of  clogging  nozzles.  filter  at  the  nozzle  inlet  prevents  these  larger  particles 
from  entering  the  nozzle  and  the  contaminants  do  not  have  sufficient  time 
to  agglomerate  while  ptissing  through  the  nozzle. 

4.  FUEL  NOZZLE  CLUSTER  CONDITIONING  TESTS 

Two  nozzle  duster  conditioning  tests  were  made  with  contaminated  fuel. 
Both  of  the  dusters  (ontained  variable  area  dual  orifice  nozzles  (the  same 
design  as  nozzle  No.  4  of  the  comparative  nozzle  spray  tests) .  The  first 
of  these  was  made  to  check  the  |>erformaiuc  of  the  test  stand;  it  was  made 
with  fuel  (ontaminated  with  MII,-K-.'>007B  only  (no  fungus  was  added). 
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The  second  of  these  tests  was  a  60-hour  test  to  condition  a  fuel  cluster  for 
use  during  the  burner  can  test  program.  The  pressure  and  flow  variations 
for  these  two  tests  are  presented  in  figures  56  and  57. 


TIME  -HOURS 

Figure  56  Fuel  Soxzle  Clu.\(er  Perjormunie  FD  2572 


Figure  57  Fuel  S’ozzle  Cluster  Perfurmanee 


FD  2668 


56 


PRATT  &  WHITNEY  AIRCRAFT 


As  shown  in  figure  r)fi,  there  were  only  small  variations  in  flow  and  pressu*  j 
during  the  first  test,  most  (kf  which  were  caused  by  a  defective  metering 
valve.  The  nuzzles  performed  well,  with  only  slight  streaks  detected  in 
the  spray  pattern.  The  nozzles  were  also  self-cleaning;  as  the  contaminant 
accumulated  in  the  nozzles,  the  pressure  would  increase  slightly.  Then  the 
contaminant  was  flushed  from  the  nozzle,  and  the  pressure  returned  to 
normal. 

With  the  fungus  as  a  contaminant  in  the  second  test,  the  flow  decreased 
and  the  pressure  increased  abruptly  and  frequently.  .\lso,  the  spray  patterns 
were  severely  affected.  In  some  instances,  the  spray  angle  decreased  from 
80  degrees  to  as  low  as  40  degrees.  Also  there  were  heavy  streaks  in  the 
spray  pattern.  On  several  (Kcasions,  the  entire  flow  from  one  nozzle  was 
flowing  in  three  or  four  large  streaks. 

From  the  results  of  these  two  tests  it  is  concluded  that  the  fungus  solution 
can  affect  fuel  nozzle  performance  severely. 
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sicnoN  VI 

BURNER  CAN  TESTS 


A.  GENERAL 

Burner  can  tests  were  made  with  contaminated  fuel  as  fulfillment  of 
Work  Statement  Item  5  of  the  contract.  I'he  purpose  of  these  tests  was  to 
determine  the  effects  of  the  contaminated  fuel  on  burner  can  performance. 
Both  variable  area  nozzles  and  variable  area  dual  orifice  nozzles  (the 
same  design  and  size  as  those  evaluated  during  the  nozzle  spray  tests) 
were  used  in  clusters  of  six.  The  variable  area  dual  orifice  nozzles  were 
,.f  !  >r>odified  type  (the  clearance  between  the  pintle  and  the  secondary 
swirl  chamber  w«o  •^’icrons). 

The  effect  of  contaminated  fuel  on  burner  can  performance  was  obtained 
by  comparing  the  contaminated  fuel  p>erformance  data  with  burner  can 
base  data  obtained  with  clean  fuel.  With  each  cluster  of  fuel  nozzles,  a 
burner  can  calibration  test  with  clean  fuel  was  made;  then  the  cluster 
was  tested  with  contaminated  fuel. 

This  section  of  the  report  includes  (I)  conclusions,  (2)  a  description  of 
the  test  stand,  (3)  a  description  of  the  burner  can  tests  and  (4)  the  burner 
can  test  results. 

B.  CONCLUSIONS 

1.  Combustion  efficiency  is  not  affected  seriously  by  contaminated 
fuel.  The  maximum  deireasc  that  lould  be  attributed  to  con* 
taminated  fuel  was  8  percent.  Although  this  decrease  is  signifi¬ 
cant,  because  the  combustion  efficiency  did  not  remain  at  a  low 
value  for  an  extended  period  of  time,  the  occurrence  of  this  de¬ 
crease  is  not  considered  to  be  serious. 

2.  The  must  serious  effec  t  caused  by  contaminated  fuel  is  a  distorted 
burner  can  exit  temperature  distribution.  The  temperature  varia¬ 
tion  at  the  burner  can  exit  increased  from  420*F  during  run 
4  (made  with  clean  fuel)  to  lOfi.'i’F  during  run  5  (a  contaminated 
fuel  run). 

3.  The  contaminated  fuel  caused  the  critical  burner  can  temperature 
rise  to  decrease.  During  run  5  the  critical  temperature  rise  dropped 
from  1400*  to  700*F. 

4.  Operation  with  contaminated  fuel  did  not  cause  hot  spots  in  the 
burner  can  wall  at  any  time  during  the  test. 

.5.  Contaminated  fuel  did  not  significantly  affect  the  fuel-to-air  ratio 
operating  range  of  tlie  combustor. 
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r>.  The  results  of  the  tests  support  the  findings  of  the  comparative 
nozzle  spray  test.  The  variable  area  nozzle  is  not  suitable  for  use 
with  contaminated  fuel.  The  modified  variable  area  dual  orifice 
nozzle  works  satisfactorily  with  contaminated  fuel. 

C.  DISCUSSION 

/.  DESCRIPTION  OF  THE  TEST  STAND 

The  burner  can  tests  were  made  in  a  test  stand  that  was  built  to  duplicate 
the  airflow  pattern  and  conditions  that  the  burner  can  would  experience 
in  an  engine.  Qmsequently  the  results  obtained  during  the  burner  can 
tests  are  those  that  could  be  expected  to  ixt  ur  in  an  engine  burning 
contaminated  fuel. 

The  contaminant  addition  system  used  in  the  nuzzle  spray  tests  was 
utilized  in  the  burner  can  program.  This  system  was  described  in  Section 
V  of  this  report.  The  system  was  connected  in  parallel  with  the  test  stand 
fuel  pump.  This  arrangement  permitted  the  utilization  of  the  stand 
pump  fur  the  clean  fuel  tests,  and  thus  ensured  the  validity  of  the  base  data. 

2.  BURNER  CAN  TEST  PROCEDURES 

Eighteen  burner  can  tests  were  made  during  the  program;  these  are 
described  in  table  IX. 

TABLE  IX.  DESCRIPTION  OF  BURNER  CAN  TESTS 


Run  No. 

1 

Noulc  Type 

\’ariable  Area 

Dual  Orifice 
(VADO) 

Standard 

Ten  Tyj 

Burner 

>e 

C.alibration 

Fuel 

Clean 

2 

VADO 

Cycle 

Contaminated 

3 

VADO 

Standard 

Burner 

Calibration 

Contaminated 

4 

N’ariable  .\rea 

Standard 

Burner 

Calibration 

Clean 

5 

Variable  Area 

C:y<  le 

(amtaminated 

6 

VADO 

Standard 

Burner 

Calibration 

Clean 

7 

VADO 

Standard 

Burner 

Calibration 

Contaminated 

8 

\'ADO 

Standard 

Burner 

C'.alibration 

Clean 

9 

V.VDO 

Heat  Soak 

Camiaminated 

10 

VADO 

Standard 

Burner 

Calibration 

Contaminated 

11 

\’ADO 

Siaiidaid 

Burner 

Calibration 

Clean 

GO 
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TABLE  IX.  DESCRIPTION  OF  BURNER  CAN  TESTS  (Conid) 


Run  No. 

Noule  Type 

Test  Type 

Fuel 

12 

VADO 

Flndurance  Run  (10  Hours) 

Contaminated 

l-S 

VADO 

Cycle 

Contaminated 

14 

VADO 

.Standard 

Burner  Calibration 

Clean 

15 

VADO 

Standard 

Burner  Calibration 

Clean 

16 

VADO 

Standard 

Burner  Calibration 

Clean 

17 

VADO 

Cycle 

Contaminated 

18 

VADO 

Standard 

Burner  Calibration 

Contaminated 

All  of  the  runs  made  with  clean  fuel  except  runs  14  and  15  are  base 
data  runs.  Each  is  used  with  the  set  of  contaminated  fuel  runs  that 

immediately  precede  the  dean  fuel  run.  For  example,  run  1  is  the  base 
data  run  fur  runs  2  and  .H.  and  run  4  is  the  base  data  run  for  run  5.  Runs 
14  and  15  were  made  with  the  fuel  duster  that  was  conditioned  by  a  60- 
hour  cold-flow  test  with  contaminated  fuel  which  was  described  in  Section 
V  of  this  report.  During  all  of  the  runs  the  following  variables  were 
recorded: 

a.  Airflow 

b.  Burner  can  inlet  total  pressure 

c.  Burner  can  inlet  static  pressure 

d.  Burner  can  inlet  air  temperature 

e.  Fuel  flow 

f.  Cluster  inlet  fuel  pressure 

g.  Cluster  inlet  fuel  temperature 

h.  Exhaust  stack  air  temperature 

i.  Traverse  air  temperature  readings  at  the  burner  can  exit 

j.  Traverse  total  pressure  readings  at  the  burner  can  exit 

k.  Radiation  intensity  at  the  burner  can  exit 

l.  Burner  can  wall  temperatures. 

Measurement  of  the  foregoing  parameters  provides  information  for  de¬ 
termining  the  following  burner  can  performance  parameters. 

a.  Combustion  Efficiency— Obtained  by  the  ratio  of  actual-to-ideal 
temperature  rise.  The  stack  temperature  (the  temperature  ob¬ 
tained  downstream  of  the  burner  away  from  the  effects  of  visible 
radiation)  is  used  rather  than  the  average  temperature  at  the 
burner  can  exit  to  lompute  the  ac  tual  temperature  rise. 

b.  Temperature  Distribution  at  the  Burner  Can  Exit— Obtained  by 
use  of  a  moveable  rake.  This  rake  consists  of  seven  theniio- 
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couples  equally  spaced  radially  in  the  annulus  between  the  inner 
and  outer  radii  ot  the  burner  can  exit.  By  rotating  the  rake,  a 
complete  map  of  the  air  temperature  at  the  burner  can  exit  can 
be  obtained. 

c.  Critical  I'emperature  Rise— I'he  ability  ol  a  burner  to  complete 
coinbustion  within  itself  is  an  important  performance  feature. 
Flame  length  is  measured  by  observing  the  intensity  of  radiation 
at  the  burner  exit  with  a  radiation  analyzer.  The  critical  tempera¬ 
ture  (the  temperature  at  whith  the  flame  reaches  the  exit  of  the 
burner  can)  can  be  determined  by  extrapolating  a  radiation  in¬ 
tensity  versus  temperature  rise  curve. 

d.  Burner  Can  Wall  1  einpera lures— .Monitored  to  determine  whether 
there  are  any  h<u  spots  on  ihe  burner  can  wall. 

e.  Lean  Blowout— The  fuel-to-air  ratio  at  which  flame  extinguish¬ 
ment  occurs  can  be  obtained  by  reducing  the  fuel  flow-  while 
maintaining  the  air  conditions  constant.  (Rich  blowout  limits 
were  not  determined  because  of  test  stand  temperature  limitations.) 

f.  Pressure  Loss— Burner  can  pressure  loss  was  calculated.  However, 
since  this  parameter  is  dependent  primarily  on  burner  can  geom¬ 
etry,  it  should  not  be  affected  by  contaminated  fuel  unless  a  hole 
is  burned  in  the  burner  can  wall. 

J.  DESCRIPTIOX  OF  THE  BURSER  CAN  TESTS 

The  types  of  burner  can  tests  made  during  the  program  are  (I)  standard 
burner  can  tesu,  (2)  cycle  tests,  (S)  a  heat  soak  test  and  (4)  an  endurance 
test.  These  are  described  in  the  following  paragraphs. 

a.  Calibration  Tests 

With  the  airflow  and  burner  can  inlet  temperature  and  pressure  set,  the 
stack  temperature  was  increased  (by  increasing  fuel  flow)  in  increments 
of  200*F  from  approximately  1200*  to  1600*F.  At  each  step,  readings 
were  taken  of  all  the  variables  defined  above,  except  the  traverse  rake 
temperatures  and  pres.sures.  At  1600'F  all  instrumentation  was  read,  in¬ 
cluding  the  traverse  rake  readings. 

NOTE 

In  the  succeeding  pages,  the  following  definitions  will  be  used: 
long  reading  —  readings  of  all  the  variables  listed  in  C2, 
preceding 

short  reading  —  readings  of  all  the  variables  listed  in  C2, 
preceding,  except  the  traverse  rake  tem¬ 
perature  and  pressures. 


62 


PRATT  &  WHITNEY  AIRCRAPT 


The  stack  temperature  was  then  increased  tu  1800*F,  dropped  to  1700*F, 
and  subsequently  dropped  in  200*F  steps  to  I300‘F.  At  each  of  these 
stack  temperatures  a  short  reading  was  taken.  The  fuel  flow  was  then 
reduced  gradually  until  blowout  <x:curred.  The  important  achievements 
of  this  procedure  are;  (I)  the  variations  of  combustion  efficiency  with 
burner  can  temperature  rise,  (2)  an  estimate  of  critical  temperature  rise, 
and  (3)  temperature  distribution  at  the  burner  can  exit  at  a  high  stack 
temperature. 

b.  Cycle  Tests 

The  hysteresis  in  the  fuel  flow  schedule  that  occurs  as  a  result  of  contami¬ 
nant  accumulation  in  the  nozzle  will  probably  cause  hot  spots  at  the  burner 
can  exit.  Therefore,  cycle  tests  were  made  in  which  the  fuel  flow  was 
raised  and  lowered  frequently  to  see  if  any  hysteresis  woi’.id  occur.  In 
this  test,  as  in  the  burner  calibration  tests,  the  inlet  air  conditions  and 
the  airflow  were  maintained  constant  during  the  entire  run. 

In  the  cycle  tests  following  lightoff,  short  readings  were  taken  at  1400*, 
1600*,  and  1800*F.  Then  the  stack  temperature  was  reduced  to  1600*F 
where  a  long  reading  was  taken;  the  fuel  flow  was  then  dropped  by 
approximately  10  percent.  If  the  inlet  cluster  pressure  was  abnormally 
low  or  high  and  remained  there  for  over  one  minute,  a  long  reading  was 
taken.  Following  this,  the  stack  temperature  was  dropped  to  1400*F  and  a 
short  reading  was  taken.  Then  the  stack  temperature  was  increased  to 
1600*F  where  another  short  reading  was  taken.  The  entire  procedure  was 
then  repeated.  In  run  2  this  procedure  was  repeated  10  times.  Periodically 
during  the  test,  and  at  the  conclusion  of  the  test,  long  readings  were  taken 
at  a  I600*F  stack  temperature.  At  the  conclusion  of  the  test,  the  flow  was 
gradually  decreased  until  blowout  <x;curred. 

c.  Heat  Soak  Test 

A  heat  soak  test  was  made  to  determine  the  effect  of  both  fuel  gum 
deposits  and  contamination  deposits  in  the  nozzle  on  burner  can  perform¬ 
ance.  During  this  teh  the  burner  can  air  inlet  temperature  was  maintained 
at  900*F.  This  temperature  is  sufficiently  high  to  vaporize  the  fuel  and 
cause  gum  deposiu  in  the  nozzle.  During  the  test,  the  stack  temperature 
rwas  increased  to  I800*F,  where  a  short  reading  was  taken.  This  stack 
temperature  was  maintained  for  five  minutes,  then  the  fuel  flow  was  shut 
off  and  the  nozzles  allowed  to  "heat  soak”  for  10  minutes.  At  the  end  of 
this  time,  fuel  flow  was  started  and  the  stack  temperature  was  increased 
to  I800*F,  and  the  cycle  repeated.  A  long  reading  was  taken  at  the  con¬ 
clusion  of  the  test  to  determine  the  resulting  effect  on  temperature 
distribution  at  the  burner  can  exit. 
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</.  Endurume  Test 

An  eiuluranir  test  was  made  ai  a  stack  temperature  ot  IliUO’F,  this  tem¬ 
perature  was  maintained  lor  Id  hours.  During  this  time,  eonseeutive  long 
readings  were  taken  to  observe  the  elleets  ol  (ontaminants  on  temperature 
distribution  and  tombustioti  ellicieiuy.  t  his  test  was  made  because  it 
was  believed  that  during  the  other  tests  the  luel  How  might  be  (  hanging 
enough  to  keep  the  nozzles  dean.  During  this  test  the  fuel  flow  was 
approximately  constant. 


4.  RESULTS  OE  BURNER  CAN  TESTS 

The  results  of  the  burner  can  tests  are  summarized  in  table  X.  The  data 
obtained  for  each  burner  can  performance  parameter  is  distus.sed  in 
detail  below. 

Cl.  Combustion  Efficiency 

The  combustion  efficiency  data  obtained  during  the  program  are  pre- 
seiited  in  figures  58  to  (>4.  In  these  figures  the  data  obtained  with  con¬ 
taminated  fuel  are  compared  with  those  obtained  during  the  ba.se  data 
rutis.  As  shown  iti  figure  .58  and  .5d,  the  data  obtained  during  the  first  three 
contaminated  fuel  runs  (runs  2,  .'f  and  .5)  were  higher  than  the  base 
data.  This  is  attributed  to  a  low  indicated  fuel  flow  that  resulted  be¬ 
cause  the  turbine  meter  that  was  being  used  to  measure  fuel  flow  to  the 
fuel  nozzle  cluster  was  affected  by  the  contaminants.  In  the  later  runs 
a  flowrater  was  used;  this  meter  gave  .satisfactory  results. 

The  fuel  cluster  u.sed  in  runs  14  and  ir>  was  conditioned  in  cold-flow 
contaminated  fuel  tests  that  were  conducted  approximately  two  months 
before  the  burner  can  tests  were  made.  This  duster  was  calibrated  with 
clean  fuel.  All  of  the  combustion  efficiency  data  arc  .iltove  87  percent,  as 
shown  in  figure  6.'l.  This  indicates  that  the  combustion  efficiency  was 
not  reduced  even  though  the  cluster  was  used  to  spray  contaminated  fuel 
for  60  hours  and  then  stored  for  approximately  2  months  before  the 
calibration  tests  were  made. 

The  combustion  efficiency  data  is  summarizec  in  figure  6.5  where  the 
maximum  decrease  in  combustion  efficiency  f<om  the  base  data  is  pre¬ 
sented  for  each  of  the  contaminated  fuel  runs.  The  values  were  obtained 
for  each  of  these  runs  by  computing  the  change  in  combustion  efficiency 
from  the  base  data  for  each  value  of  burner  can  temperature  rise.  The 
values  presented  are  the  maximum  change  for  each  run.  The  temperatures 
at  which  these  cKcurred  are  shown  in  parentheses  below  the  data  point.  The 
values  of  combustion  effic  iency  that  are  alxwe  zero  indicate  that  the  con¬ 
taminated  fuel  data  was  above  the  base  data. 
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Figure  3S  Combustion  Effuiency  Data  Comparison— Runs  2  and  3  with  I  FD  3568 
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Figure  59  Combustion  Efficiency  Data  Comparison— Run  5  with  4  FD  3514 
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Figure  6l  Combuslion  Ffficirmy  Itata  Compariion—  FD  )fi9 

Runs  9  and  10  with  8 
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Figure  62  Combustion  Ffficirncy  Data  (Comparison- 
Runs  12  and  D  with  1 1 
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Figure  6)  Combustion  F.ffitirniy  Data— Runs  H  and  /5  FD  3343 
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Figure  64  Combustion  tlffidency  Data  Comparison- 
Runs  n  and  IS  with  16 
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Figure  6S  Summary  of  Combustion  Fffuienry  Data  Comparison 
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The  maximum  decrease  in  combustion  efficiency  that  can  be  attriouted 
to  contaminated  fuel  is  8  percent.  This  value  was  obtained  during  run  9, 
the  heat  soak  run.  This  low  effuiency  (xturred  approximately  one  hour 
after  the  start  of  test.  During  the  remaining  eight  hours  of  the  test  the 
combustion  efficieticy  was  tiever  this  low  agaiti  eveti  though  nitie  relights 
were  made.  Because  the  (otnbusiioti  efficieticy  did  not  remain  at  a  low 
value,  this  decrease  in  combustion  efficiency,  although  significant,  is  not 
considered  to  be  serious. 

/).  Temperature  liistrihutiou  at  the  Huruer  Cun  Exit 

The  iem|M'ratiire  distributions  at  the  burner  can  exit  arc  presented  for 
each  of  the  runs  in  iigures  fifi  to  72.  inclusive.  I'he  temperature  maps  that 
were  obtained  with  the  traverse  rake  are  presented  in  sequence  as  they 
were  observed  during  the  tests.  Therefore,  the  effec  ts  of  contamination 
accumulation  are  shosvn  as  the  tests  progressed. 

The  most  distorted  tem|H'ratnre  mapes  were  obtained  during  run  5.  This 
run  was  made  with  satiable  .ire.i  no//les.  which  .ire  the  s.nne  lypte  and  size 
as  the  satiable  area  nozzle  ih.ii  ss.is  esalii.iied  dining  the  c oinptaraiive  noz¬ 
zle  spr.iy  test.  Fhe  sesete  hot  sjtois  in  the  iipprei  right  cornets  ol  the  burner 
can  exit  after  :>  houis  .ind  alter  .7.7.7  hours  elapised  i.in  be  .itiributed  to 
streaks  in  the  nozzle  sjnay  pattern.  (He.ivy  streaks  svere  present  in  the 
spray  of  the  variable  area  nuzzle  seser.il  times  during  the  comparative 
nozzle  spray  lest;  ii>nsei|uenily.  this  perioiinance  svas  expected.)  .\t  t  tese 
times,  the  nozzles  were  plugged  .is  indic.iied  in  lignre  7.S  by  the  higher 
than  normal  inlet  c  luster  pressure  The  iein|)ei.iinre  maps  obtained  during 
run  .7  indicate  the  sc-seriiy  ol  the  ellecis  ol  pool  nozzle  |>eilorin.inie  result¬ 
ing  from  .spra>ing  toniainin.itcd  liiel. 


II  the  burner  can  temperature  clisii  ibiiiions  that  are  presented  for  some 
ol  the  c ontatninaied  fuel  runs  (e.s|>ei  i.ills  run  7)  iKciirred  in  an  engine, 
the  turbine  blades  or  vanes  would  be  damaged.  Moreover,  the  damage 
svould  Ik'  more  severe  to  the  vanes  than  to  the  blades  Itecause  the  latter 
sense  the  aveiage  iiiciiiiiteieiiti.il  iem|>ei.itiui’.  while  the  vanes  sense  the 
Icxal  ieiii|>eialiii'e  along  iheii  length  To  .issess  the  elleci  ol  a  ciisiortton  in 
Inirnet  can  exit  leinpx'iaiuic'  the  .ivei.ige  ic iiipei.iiure  pnofiles  were  com- 
|>iiic'cl  and  loiiipxired  with  siniilai  proliles  ih.ii  were  obtained  in  the  base 
data  runs  with  clean  liiel.  I  he  results  ol  this  prrcHedure  are  shown  in 
figures  74  to  79.  It  slioiild  be  noted  that  the  profiles  presented  are  for  the 
most  skewed  leiiipK-ratiiie  ni.i|>s  ih.ii  weie  obtained  during  each  contami¬ 
nated  litel  run  If  the  proliles  obi.iiiied  liiiiing  the  base  data  runs  are 
assumed  to  be  the  profiles  ih.ii  .illovv  the  luaxmiiiin  tin  bine  inlet  tempera¬ 
ture  lor  a  certain  engine  lile.  then  the  |)ioliles  shown  lot  the  cont.iminated 
tuel  runs  could  result  in  a  shoitened  vane  life. 
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Figmre  66  Compmriiom  of  Burner  C«n  Exit  Tempereiure  Maps  -  FD  )SJ: 

Hunt  2  ottd  3  with  I 
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Run  7  with  6 
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TIME  AFTER  START  OF  TEST  •  HOURS 

Figure  Test  Condition  Variations  during  Hun  So.  }  FD  )J69 


Figure  7-t  Hurner  (.an  Fxit  Temperature  Ftojile  Comparison—  FD  )f67 

Runs  2  and  i  with  I 
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figure  76  Rurner  Can  f.xil  Trmpcralure  frofile  Comparison— 
Run  7  with  6 
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Figure  7‘>  Burner  Can  Fxit  Tempeiatiire  Profile  Comparison—  FD  )i48 

Runs  17  and  18  with  16 


In  Settion  VII  the  inaxiinuiii  positive  deviations  ol  the  profiles  for  the 
(ontaniinated  fuel  runs  from  the  profiles  obtained  during;  the  base  data 
run  were  used  to  determine  the  effect  on  turbine  vane  life.  These  devi¬ 
ations  for  each  contaminated  fuel  run  are  presented  in  table  XI.  The  values 
presented  for  each  of  the  contaminated  fuel  runs  were  obtained  by  com¬ 
paring  the  profiles  shown  in  figures  74  to  79  and  selecting  the  maximum 
difference  betweeti  the  contaminated  fuel  run  and  its  base  data  run. 


TABLE  XI.  MAXIMUM  DEVIATIONS  OF  CONTAMINATED  FUEL  RUN 
TEMPERATURE  PROFILES  FROM  BASE  DATA  RUN  TEMPERATURE 

PROFILES 

Run  No.  Maximum  Deviation  from 

Bam  Dau  Runs,  *F 
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Figure  71  shows  the  maps  taken  during  the  calibration  test  of  the  cluster 
that  was  conditioned  with  the  60-hour  cold-flow  test  with  contaminated 
fuel.  The  maximum  variation  in  temperature  at  the  exit  of  the  burner 
can  that  occurred  during  these  runs  was  455°^  (obtained  during  run  14) . 
This  is  less  than  the  average  variation  (684®F)  that  was  obtained  during 
the  runs  with  clean  fuel. 

c.  Critical  Burner  Can  Temperature  Rise 

The  data  for  critical  burner  can  temperature  rise  are  presented  in  table 
X.  These  data  agree  in  general  with  the  data  obtained  with  the  traverse 
rake  in  that  critical  or  allowable  burner  tan  temperature  rise  is  decreased 
with  contaminated  fuel.  Run  .')  is  again  the  run  when  the  most  severe  re¬ 
duction  occurred. 


The  effect  of  contaminant  accumulation  on  the  critical  burner  can  tem¬ 
perature  rise  is  illustrated  by  the  curve  shown  in  figure  80.  This  curve 
shows  that  the  critical  burner  can  temperature  rise  dropped  from  1400* 
to  700* F  during  run  5. 

The  critical  burner  can  temperature  rise,  as  defined  in  another  portion 
of  this  section,  is  the  burner  can  temperature  rise  at  which  the  flame 
reaches  the  exit  of  the  burner  can.  In  these  tests  the  critical  temperature 
rise  was  lower  than  normal  because  uneven  burning  occurred  in  the 
burner  can.  Consequently,  critical  burner  can  temperature  rise  is  a 
measure  of  the  distortion  of  the  burner  can  exit  temperature  distribution. 
Furthermore,  because  the  temperature  distributions  at  the  burner  can 
exit  were  determined,  the  critical  burner  can  temperature  rise  data  that 
were  obtained  during  the  tests  were  not  used  to  determine  the  effect  on 
turbojet  performance  in  Section  VII. 


d.  Burner  Can  Wall  Temperatures 

The  envelope  defined  by  the  maximum  and  minimum  values  of  burner 
can  wall  temperatures  is  shown  in  figure  81.  Because  all  of  the  values 
are  considerably  below  the  melting  point  of  the  burner  can  material,  the 
effect  of  contaminated  fuel  on  burner  can  life  is  not  considered  to  be 
significant,  at  least  for  the  burner  can  evaluated.  It  should  be  pointed 
out  that  even  when  severe  hot  spou  occurred  at  the  exit  of  the  burner 
can,  none  were  detected  on  the  burner  can  wall. 

Only  one  burner  can  was  used  in  this  program.  Following  each  run,  and 
at  the  conclusion  of  the  program,  the  can  was  inspected  for  holes  in  the 
wall.  The  burner  can,  which  remained  intact  throughout  the  18  runs,  is 
shown  bisected  in  figure  82. 
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TIME  AFTER  START  OF  TEST  -  HOURS 

Fi^ur^-  80  Fffftl  oj  Coniaminatfd  Furl  on  Critical  Burner  Can  FD  3f07 

Temperature  Hise—Kun  5 


Figure  81  I'arialion  of  Burner  Can  Wall  Temperature  FD  )fl6 
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e.  Lean  Blowout 

The  fuel  flow  at  lean  blowout  varied  from  10  to  100  Ib/hr  during  the 
tesits,  as  shown  in  table  X.  The  corresponding  values  obtained  with  clean 
fuel  are  oO  to  00  Ib/hr.  The  highest  luel  flow  at  lean  blowout  occurred 
during  run  1.5,  which  was  the  run  in  which  the  conditioned  fuel  cluster 
was  used.  This  increase  was  not  tonsidered  to  be  serious. 

/.  Pressure  Loss 

As  t  an  be  seen  in  table  X.  the  burner  can  pressure  loss  changed  less  than 
2  psi  during  the  burner  tan  tests.  1  his  performance  was  expected  because 
the  burner  lan  reiuained  intatt  lor  the  entire  program. 
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SECTION  VII 

SPECIFIC  STUDY  OF  THE  EFFECTS  OF 
CONTAMINATED  FUEL  ON  TURBOJET  PERFORMANCE 


A.  GENERAL 

This  sation  reports  the  results  of  a  study  in  whith  the  biiriier  tan  test 
data  were  used  to  loinpute  turbojet  perforiiiaiu  e.  The  toiiibustion  ef- 
ficiemy  data  were  used  to  tonipute  the  thrust  spet  ifit  liiel  tonsuinption 
at  two  altitude  tonditions  and  for  l>t>th  an  aiterburnin"  and  a  nonafter¬ 
burning  engine.  The  burner  tan  exit  temperature  prt)files  presented  in 
Section  VII  were  used  tti  determine  the  effet  t  t>f  a  di.stt)rted  temperature 
profile  at  the  burner  can  exit  tui  turbine  vane  life.  In  addition,  a  ttmipu- 
tation  was  made  in  which  it  was  a.ssiimed  that  the  distortitm  in  burner 
can  exit  temperature  wtnild  be  detected  by  the  thermt>tt)uples  in  the  inlet 
guide  vanes.  In  this  case  the  turbine  inlet  tem(>erature  could  be  reduced 
to  a  safe  value:  this  prcxedure  would  result  in  a  reduction  in  thrust 
and  a  change  in  thrust  specific  fuel  consumption  (TSFC). 

The  results  of  these  computations  are  presented  in  two  sections;  effect 
of  a  reduction  in  combustion  efficiency,  and  effects  of  a  distorted  tempera¬ 
ture  pattern  at  the  burner  can  exit. 


B.  CONCLUSIONS 

1.  The  maximum  reduction  of  8  percent  in  combustion  efficiency  ob¬ 
tained  during  run  fl  of  the  burner  can  test  resulted  in  an  increase  in 
TSFC  of  14  percent  for  a  nonafterburning  engine.  Although  this  increase 
is  significant,  the  effec  t  of  contaminated  fuel  on  TSFC  is  not  cc>nsidered  to 
be  serious  becau.se  the  combustion  effic  iency  returned  to  a  normal  level  al¬ 
most  immediately  during  the  burner  can  test  and  because  momentary  in¬ 
creases  in  TSFC  are  not  detrimental. 

2.  In  an  engine,  hot  spots  at  the  burner  can  exit  as  severe  as  those  that 
cxcurred  during  run  .'i  of  the  burner  can  tests  will  shorten  the  life  of  the 
turbine  inlet  guide  vanes,  although  it  may  not  affect  turbine  blade  life. 
It  has  lieen  estimated  that  the  vane  would  fail  in  approximately  25  hours. 

.I.  If  the  temperature  distortions  that  occurred  during  run  5  were  de¬ 
tected  by  the  thermcKouples  in  the  inlet  guide  vanes,  and  if  the  turbine 
inlet  temperature  were  reduced  to  a  saie  value,  the  net  thrust  would 
l>e  reduced  ff.4  percent. 
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jIr’so  ( iirvfs  ;iM’  < (iiisi(U'u-<l  irpirscntjiivt-  ol  iiiiiriil  iiirhojfis.  The 
niaxiinuni  mliii  tion  in  ( oinlnisiioii  rlli(  icn<y  lot  (.idi  ol  (hi-  (ontaininaied 
liu‘l  runs  is  |)ii-st-n(i’(l  in  li^nit-  (i.'i.  Cst-  ol  thi-si-  v.ilui-s  ri-siilts  in  the 
ihanf>es  in  TSF(!!  that  art-  pit-sentril  in  tahle  \II  lor  the  irnise  londitions 
speiilicd.  (  I'lie  rhan<>ts  in  I  SK;  lot  the  lirsl  loin  eontaniinated  liiel 
runs  are  not  presented  heianse  the  loinhusiion  elliiieniies  lor  these  runs 
were  above  the  base  data.)  Ueiaitse  loiiibitsiiott  elliiietiey  did  tiot  re- 
tnaiti  at  a  low  level  lor  an  extended  peritKl  ol  titiie,  these  increases  in 
TSFC-  are  not  considered  to  be  serious. 

TABLE  XII.  EFFECT  OF  CONTAMINATED  FUEL  ON  TSFC 


Run  No. 

TSFC  Imreaieii, 

Percent 

Sea  Level 

60,000  Ft. 

Non  A/B 

A/B 

Non  A/B 

A/B 

9 

14.1 

1.45 

12.5 

2.1 

10 

0.7 

0.05 

O.t) 

0.05 

12 

4.7 

0.75 

4.6 

0.70 

13 

3..H 

0.50 

3.2 

0.50 

17 

8.1 

0.90 

7.3 

1.1 

18 

2.8 

0..30 

2.5 

0.4 

2.  EFFECTS  OF  A  DISTORTED  TEMPERATURE  PATTERN 
AT  THE  BURNER  CAN  EXIT 

a.  Effect  on  Vane  Life 

The  life  of  a  turbine  blade  or  a  vane  is  the  time  required  for  it  to 
creep  to  a  length  where  further  use  would  caitse  engine  failure.  This  life 
is  a  function  of  the  loads  and  temperatures  to  which  the  blades  or  vanes 
are  subject'  A  hiKher  than  normal  temperature  at  the  turbine  inlet 
can  shorten  thi  life  of  the  blades  and  vanes. 

As  explained  in  Section  VI,  maximum  deviations  of  the  contaminated 
fuel  run  profiles  from  the  base  data  runs  are  to  be  used  to  determine  the 
effect  on  turbine  vane  life.  (Blade  life  should  not  be  severely  affected  unless 
the  temperature  at  some  location  approaches  the  blade  material's  melt¬ 
ing  point,  because  the  blades  sense  the  average  circumferential  tempera¬ 
ture  at  each  radial  liKation.)  Assuming  that  (1)  the  profiles  obtained 
during  the  base'  data  runs  are  ideal  and  (2)  the  vanes  have  a  life  of 
3000  hours  (the  time  required  for  the  vane  to  creep  1%)  with  the 
base  data  run  profiles,  life  will  be  shortened,  if  the  temperature  profile 
deviates  from  this  profile.  Using  the  maximum  deviations  presented  in 
table  XII,  the  corresponding  vane  lives  for  the  profiles  obtained  during 
each  contaminated  fuel  run  is  presented  in  table  XIII.  It  should  be  noted 
that  the  hours  given  for  the  expected  vane  life  are  considered  to  be 
pessimistic  because  the  values  presented  in  the  table  are  the  vane 
lives  that  could  be  realized  if  the  profiles  did  nut  change.  Fur  deviations 
from  the  ideal  that  occur  for  short  periods  of  time,  the  vane  life  would 
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not  be  significantly  affected.  The  pnHeduie  used  in  obtaining  these 
values  also  results  in  pessiinistit  values  sinte  the  maximum  deviation 
was  used  and,  therefore,  only  at  the  point  where  this  condition  (xciirs 
would  the  vane  creep  I  percent  in  the  time  presented.  At  other  locations 
along  the  vane,  the  creep  rate  would  be  less  and,  consequently,  the 
creep  rate  for  the  vane  length  would  be  less  than  1  percent. 


TABLE  XIII.  EFFECT  OF  CONTAMINATED  FUEL  ON  VANE  LIFE 


Run  No. 

Maximum  Deviation  from 

Base  Data  Run,  *F 

Expected  Life, 
Hours 

2 

42 

500 

.H 

22 

1150 

5 

140 

25 

8 

17 

1400 

9 

68 

185 

10 

13 

1700 

12 

10 

1900 

13 

0 

3000 

17 

67 

2000 

18 

1 

2800 

Even  though  the  values  presented  in  table  XIII  may  be  pessimistic,  it 
should  be  noted  that  only  the  results  of  run  '>  would  cause  failure  before 
60  hours  (the  time  that  has  been  considered  to  be  desirable  engine  op¬ 
erating  time  with  contaminated  fuel) .  This  run  was  made  with  the 
variable  area  nozzles:  all  of  the  other  runs  were  made  with  the  variable 
area  dual  orifice  nozzles.  Based  on  this  consideration,  the  variable  area 
dual  orifice  nozzles  again  appear  to  be  satisfactory  for  operation  with 
conuminated  fuel. 


b.  Effect  o»  Engine  Thrust  and  TSFC 

If  the  distorted  profiles  are  detected  by  the  thermocouples  in  the  inlet 
guide  vanes,  the  fuel  flow  could  be  reduced  to  an  allowable  value.  This 
procedure  would  result  in  a  reduction  in  net  thrust  and  a  change  in 
TSFC. 

Using  the  values  presented  in  table  XII,  the  resulting  reductions  in  thrust 
and  TSFC  can  be  computed  for  each  contaminated  fuel  run.  The  re¬ 
sults  of  these  compuutiomt  are  presented  in  table  XIV.  The  curves  for 
thrust  and  TSFC  versus  burner  can  temperature  rise  presented  in  figures 
85,  86,  87,  and  88  were  used  in  making  these  computations. 
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BURNER  CAN  TEMPERATURE  RISE  -•F 


Figure  8i  Change  in  Net  Thrust  with  Burner  Can  Temperature  FD  ii06 

Rise  (nonafterbuming) 


900  WOO  nOO  1200  1300  1400  ISOO 


BURNER  CAN  TEMPERATURE  RISE  -  <>F 

Figure  $6  Change  in  Set  Thrust  with  Burner  Can  Temperature  FD  J)91 

Rise  (aflerbumingf 
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f  igurf  #7  Thruit  Spfiilic  h'ufl  (Consumption  vs  Burntr  Can  FI)  3)9) 

Tfinperalurr  Hist-  (nonaflerburninn) 


Figure  SS  Thrust  Speiifu  Fuel  Consumption  vs  Burner  Can 
Temperature  Rise  {afterburning) 
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SECTION  VIII 

ANALYTICAL  NOZZLE  DESIGN  STUDY 

A.  GENERAL 

An  analytical  nozzle  design  study  was  required  under  Work  Statement 
Item  3.  (Delavan  Manufacturing  Ck>mpany  was  subcontracted  to  conduct 
a  portion  of  this  study.)  The  objective  of  the  analytical  nozzle  design 
study  was  to  determine  the  best  method  of  atomizing  contaminated  fuel. 
In  the  study,  three  types  of  atomizers  were  considered:  pressure,  air,  and 
impingement.  The  specifications  in  table  XV  were  used  for  the  study. 


TABLE  XV 

NOZZLE  SPECIFICATIONS  FOR  ANALYTICAL  NOZZLE  DESIGN  STUDY 


Noitle  Inlet 
Preiture,  pug 


Fuel  Flow. 
Ib/hr 


Spray  Cone  Angle 
Limit!,  degree* 


150 


34 

894 


75  to  85 
75  to  85 


NOTE:  The  fuel  flows  given  are  for  a  test  fluid  that  is  main* 
tained  at  a  temperature  of  80°  ±  12°F,  and  that  has  the  following 
characteristics  at  this  temperature: 

'Specific  Gravity  =:  0.768 
Kinematic  Viscosity  =  1.8  centistokes 

In  addition,  it  was  assumed  that  the  mean  droplet  size  must  be  150  microns 
or  less  fur  good  atomization.  These  specifications  were  used  in  designing 
the  variable  area  dual  orifice  nuzzle  (Nuzzle  No.  4)  of  the  comparative 
nuzzle  spray  test  and  the  variable  area  nozzle  (Nozzle  No.  5).  These 
specifications  were  selected  for  the  study  for  two  reasons:  (I)  the  perform¬ 
ance  of  the  Nozzles  No.  4  and  No.  5  during  the  comparative  nozzle  spray 
tests  and  the  burner  can  tests  were  available  fur  background  information 
and  (2)  the  specified  pressure  at  the  low  flow  was  above  that  required 
to  achieve  acceptable  atomization. 

The  pressure  requirement  at  the  low  fuel  flow  arises  because  the  fuel 
is  used  fur  ccxiling  auxiliary  equipment  in  the  aircraft.  As  a  result,  because 
the  fuel  is  at  a  high  temperature  in  the  fuel  system,  it  could  be  vaporized 
if  a  high  fuel  pressure  were  nut  maintained.  This  pressure  requirement 
results  in  nuzzles  that  have  smaller  metering  passages  than  those  in  a 
nuzzle  designed  to  give  acceptable  atomization  (a  spray  with  a  mean  droplet 
size  of  150  microns). 

The  utilization  of  this  pressure  specification  in  the  study  illustrates  that 
there  are  other  nuzzle  requirements  rather  than  just  good  atomization. 
Because  of  these  additional  requirements,  some  nozzle  types  are  not  ac¬ 
ceptable. 
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For  the  flow  specifications  presented  in  table  Xlll  the  analytical  nozzle 
study  was  made  of  the  three  type  nozzles;  pressure  atomizing,  air  atomiz¬ 
ing,  and  impingement.  For  each  of  these  types,  the  nozzles  are  compared 
in  the  following  paragraphs  on  the  basis  of  the  following  characteristics: 

1.  Adaptability  for  flow  schedule 

2.  Passage  size 

3.  Energy  requirements 

B.  CONCLUSIONS 

1.  Fur  a  given  flow  range,  the  air  atomizing  nuzzle  has  the  largest 
metering  passages.  Consequently,  if  atomization  is  the  only  noz¬ 
zle  requirement,  air  atomizing  nuzzles  would  be  best  for  spraying 
contaminated  fuel. 

2.  If  in  addition  to  atomization,  there  are  other  nuzzle  requirements 
such  as  a  minimum  nozzle  pressure  drop,  the  conventional  dual 
orifice  nuzzle  (with  a  flow  divider  valve  for  scheduling  flow  to 
the  secondary  orifice)  is  a  good  nuzzle  choke  for  spraying  con¬ 
taminated  fuel. 

The  dual  orifice  nuzzle  system  is  the  best  nuzzle  for  spraying 
(ontaminaied  fuel  in  the  flow  range  truni  .34  to  R90  Ib/hr  when 
a  mininiuni  pressure  of  150  psig  must  l>e  maintained  upstream 
of  the  nuzzle. 

3.  The  metering  valve  that  is  required  in  the  return  line  of  the 
spill  nozzle  makes  the  desirability  of  this  nuzzle  questionable. 

4.  The  orifice  size  of  an  impingement  nuzzle  is  the  smallest  of  the 
nozzles  considered.  Consequently  this  nozzle  type  is  least  desirable 
fur  use  with  cunuminated  luel. 

C  DISCUSSION 

/.  PRESSURE  ATOMIZING  NOZZLES 
a.  Background 

Because  of  the  resulu  of  the  comparative  nuzzle  spray  tests  a- spill  nozzle 
and  a  du^l  orifice  nozzle  were  designed  in  this  study.  Both  of  these 
nozzles  are  swirl  type  noales;  the  important  dimensions  of  this  noale 
type  are: 

(1)  Outlet  orifice  diameter 

(2)  Swirl  chamber  diameter 

(S)  Swirl  slots  —  number  and  size 
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(4)  The  angle  made  by  the  slots  with  the  axis  of  the  orifice  (nor¬ 
mally  this  parameter  is  defined  by  the  angle  made  by  the  slots  with 
a  line  perpendicular  to  the  axis  of  the  nozzle.  In  the  following  pages 
this  angle  will  be  referred  to  by  a.) 

The  dual  orifice  nozzle  and  spill  nozzle  are  discussed  separately  in  subse¬ 
quent  paragraphs. 

b.  The  Dual  Orifice  Noule 

A  dual  orifice  nozzle  with  a  flow  divider  valve  can  be  designed  to  meet 
all  of  the  flow  specifications.  It  should  be  noted  that  this  nozzle  system 
is  the  same  as  the  variable  area  dual  orifice  (VADO)  nozzle  that  was  used 
throughout  this  program.  The  only  difference  between  the  variable  area 
dual  orifice  nozzle  and  the  dual  orifice  nozzle  with  an  integral  flow  divider 
valve  which  was  designed  in  this  study  is  the  location  of  the  flow  divider 
valve.  In  the  VADO  nozzle,  this  valve  is  at  the  inlet  to  the  swirl  chamber 
of  the  secondary  orifice:  the  valve  varies  the  area  of  the  swirl  slots.  In 
the  analytical  studies  a  standard  dual  orifice  nozzle  with  the  flow  divider 
located  upstream  is  designed.  This  latter  arrangement  might  have  an 
advantage  in  that  malfunction  of  the  valve  will  not  cause  a  poor  spray 
pattern.  In  t!ie  VADO  nozzle,  streaks  might  occur  in  the  spray  pattern 
if  the  poppet  becomes  stuck  open  widely.  (It  should  be  noted,  however, 
that  during  the  last  nozzle  spray  test  the  VADO  performed  satisfactorily 
with  contaminated  fuel.) 

The  secondary  orifice  of  the  dual  orifice  nozzle  was  designed  first.  Since 
the  primary  orifice  is  inside  the  secondary  orifice,  the  latter  places  a 
limit  on  the  size  of  the  primary  orifice.  It  was  assumed  that  this  orifice 
must  provide  a  spray  with  a  mean  droplet  size  for  the  flow  range  240 
to  890  Ib/hr.  This  flow  range  was  selected  on  the  assumption  that  ac¬ 
ceptable  atomization  will  be  achieved  for  the  entire  flow  range  (34  to 
890  Ib/hr)  by  the  following  scheme: 

Primary  and  Secondary  34  to  240  Ib/hr 

Secondary  only  240  to  890  Ib/hr 

Also  the  orifice  spray  angle  must  be  between  75  and  85  degrees  for  this 
flow  range.  The  secondary  orifice  was  designed  by  the  following  procedure 
and  by  use  of  the  equations  presented  in  Appendix  D. 

(1)  A  pressure  drop  of  450  psi  was  assumed  for  the  maximum  flow 
rate  of  890  Ib/hr. 

(2)  A  dUcharge  coefficient  was  assumed.  The  orifice  outlet  diameter 
could  then  be  determined  for  the  conditions  given  in  (I). 

(3)  The  nozzle  outlet  diameter,  the  flow  rate,  the  80  degree  spray 
angle  requirement,  and  the  assumed  discharge  coefficient  permitted 
the  determination  of  the  other  nozzle  geometry. 
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(4)  The  droplet  size  was  then  determined  lor  th>  How  rate  of  240 
Ib/hr.  If  the  droplet  size  was  above  150  muron.  the  pr(x:edute  was 
repeated  for  a  different  discharge  coefficient. 

The  results  of  this  pnxedure  are  shown  in  figure  89,  where  the  droplet 
size  fur  a  flow  rate  of  240  Ib/hr  and  the  nozzle  dimensions  are  plotted 
against  the  discharge  coefficient.  As  shown,  a  mean  droplet  diameter  of 
150  microns  requires  that  the  discharge  coefficient  be  0.55.  Fur  this  dis¬ 
charge  coefficient  the  orifice  dimensions  can  be  obtained  from  figure  89. 

These  are: 

Outlet  Orifice  Diameter  =  0.1  N  in<h 

TtJtal  .Slot  .\rea  =  .i.”  o  =  0) 

Swirl  Chaml>er  Diameter  =  0..S7  inch 


MKMMM  COiPnCMNT 

Figure  89  Ifengn  <Sutve»  for  Seiundary  Orifice  of  Ihe  Dual  Orifice  Noiile  FD  )i22 
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It  should  be  noted  that  it  was  auumed  that  the  swirl  slots  were  perpen> 
dicular  to  the  axis  of  the  nozzle  (a  =  0).  This  permits  maximum  dimen¬ 
sions  as  indicated  by  the  curves  for  toul  slot  area.  In  the  secondary  orifice 
this  can  be  achieved  because  the  orifice  outside  diameter  is  not  as  critical 
as  in  the  primary  orifice.  It  is  important  to  note  that  values  other  than 
zero  are  necessary  only  when  the  nozzle  envelope  is  critical. 

The  slot  dimensions,  of  course,  are  a  function  of  the  number  of  slots 
used.  The  number  of  slots  are  selected  on  the  basis  of  orifice  perform¬ 
ance.  Delavan  Manufacturing  Company  has  found  that  a  small  number 
of  slots  give  satisfactory  performance  in  a  small  orifice,  while  a  large 
number  are  required  in  large  orifices.  According  to  Delavan,  eight  slots 
are  needed  in  the  secondary  orifice,  and  one  slot  can  be  used  in  the  primary 
orifice.  If  eight  slots  were  used  in  the  secondary  orifice,  the  slot  width 
would  be  0.053  inch. 

With  the  secondary  orifice  sized,  the  primary  orifice  was  then  designed. 
The  outside  diameter  of  the  portion  of  the  primary  orifice  that  extends 
into  the  outlet  diameter  of  the  secondary  orifice  must  be  less  than  the 
secondary  orifice  air  core  diameter;  otherwise,  the  presence  of  the  pri¬ 
mary  orifice  would  affect  the  performance  of  the  secondary  orifice  ad¬ 
versely.  The  diameter  of  the  air  core  in  a  swirl  type  nozzle  is  a  function  of 
the  discharge  coefficient  and  the  outlet  orifice  diameter.  The  air  core 
of  the  secondary  orifice  is  plotted  against  the  discharge  coefficient  in 
figure  89.  As  seen  in  the  figure  the  air  core  diameter  for  the  selected 
secondary  orifice  is  0.08  inch.  If  the  primary  orifice  outside  diameter 
were  this  size,  the  thickness  of  the  annulus  between  the  primary  and  the 
secondary  orifices  would  be  only  0.017  inch,  which  is  considerably  less 
than  the  secondary  swirl  slot  dimensions  even  if  as  many  as  eig|it  slots 
are  used.  In  the  design  studies,  the  primary  orifice  was  sized  for  Kveral 
annulus  thicknesses.  A  primary  orifice  design  was  selected  that  made  the 
annulus  as  large  as  the  primary  orifice  swirl  slot.  It  should  be  noted 
that  this  represents  a  compromise  between  primary  orifice  size  and  annu¬ 
lus  thickness.  An  annulus  thickness  of  0.03  inch  was  selected.  For  this 
thickness  the  outside  diameter  of  the  primary  orifice  is  0.054  inch.  If 
it  is  assumed  that  a  practical  wall  thickness  at  the  tip  is  0.01  inch  for 
the  primary  orifice,'  then  the  corresponding  primary  outlet  orifice  is  0.034 
inch. 

To  achieve  the  150  psig  minimum  pressure  requirement  at  34  Ib/hr 
fuel  flow  with  an  outlet  orifice  diameter  of  0.034  inch,  the  dischaige 
coefficient  must  be  0.25.  The  design  point  is  shown  in  figure  90,  where 
the  dimension  of  the  primary  orifice  and  the  droplet  size  variation  are 
plotted  against  the  orifice  dischaige  coefficient.  It  should  be  noted  the 
droplet  size  is  much  below  the  150-micron  requirement  for  all  values  of 
the  discharge  coefficient;  this  points  out  that  the  150  psi  pressure  require¬ 
ment  is  in  excess  of  that  required  for  good  atomization. 
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Figure  90  Design  Curves  for  Primary  Orifice  of  the  Dual  Orifice  Notde  FD  Jill 


The  angle  a  was  assumed  tu  be  45  degrees.  This  is  considered  to  be  a 
practical  value,  because  small  values  ot  a  require  large  swirl  chamber 
outside  diameters  and  because  the  primary  orifice  size  is  limited  by  the 
secondary  orifice.  For  this  value,  the  total  slot  area  is  0.008  square  inch 
and  the  swirl  chamber  diameter  is  0.07  inch.  Both  of  these  values  can  be 
olKained  from  figure  90.  One  slot  will  be  used.  (Delavan  has  found  that 
one  slot  in  the  primary  orifice  of  a  dual  orifice  nozzle  of  this  approximate 
size  provides  satisfactory  spray  uniformity.)  The  slot  will  be  0.0284  inch 
square.  This  value  is  approximately  the  same  as  the  annulus  thickness 
between  the  primary  and  the  secondary  orifices. 
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A  summary  ut  the  dimensions  of  the  dual  orifice  nozzle  are  presented 
in  table  XVI. 


TABLE  XVI.  DUAL  ORIFICE  NOZZLE  DIMENSIONS 


Orifice 


Outlet  Orifice 
Diameter,  inch 


Swirl  Slot 
Dimension,  inch 


Swirl  Chamber  Number  of 
Diameter,  irtch  Slots 


Primary  0.0.H4  0.0284  x  0.0284 

Secondary  0. 1 1 4  0.053  x  0.053 


0.07  1 

0.37  8 


c.  The  Flow  Divider  Valve 

A  flow  divider  valve  is  required  to  schedule  the  flow  to  the  secondary 
orifice.  The  flow  requirements  of  this  valve  are  (I)  150  psig  opening 
pressure,  and  (2)  valve  metering  area  to  be  sized  for  890  Ib/hr  at  a 
pressure  drop  of  200  psi.  With  a  valve  designed  for  these  specifications 
the  flow  scheditle  for  the  dual  orifice  nozzle  would  be  as  shown  in 
figure  91. 


Figure  91  Flow  Schedule,  Dual  Orifice  Xozzle  FD  3i3i 


The  flow  divider  valve  requirements  for  both  the  dual  orifice  nozzle 
and  the  impingement  nozzle  are  the  same  since  the  same  flow  schedule 
is  being  sought;  therefore  the  design  c»f  the  flow  divider  valve  will  be 
presented  cmly  once. 
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Delavan  hat  designed  at  least  one  valve  for  use  with  fuel  contaminated 
with  MIL-E'5007A  contaminant;  their  valve  proved  successful  during  a 
50-hour  test.  Delavan’s  nozzle  had  the  following  important  features: 

(1)  A  metering  area  with  large  minimum  openings 

(2)  Close  clearances 

(3)  Hard  materials 

(4)  Large  shear  forces. 

To  illustrate  these  features,  two  valves  have  been  designed.  These  are 
shown  in  figures  92  and  93.  The  first  valve  is  a  conventional  type  that  has 
an  annular  metering  area;  in  the  second  valve  slots  are  uncovered  as  the 
piston  advances.  In  this  latter  arrangement  the  maximum  opening  for  a 
given  area  is  obtained  by  use  of  the  slots.  The  valve  specifications  that 
were  presented  in  the  preceding  section  were  used. 


MUT 


OUTin  SLOT 


>^ounn 


Figure  9)  Contaminated  Fuel  Flow  Divider  Valve  (Valve  2) 


FD  mi 


With  the  foregoing  specifications,  valve  1  was  designed  by  assuming  a 
valve  seat  diameter  of  3/16  inch.  With  this  diameter  selected  the  spring 
constant  required  is  0.00517  inch /lb,  and  the  pressure,  area,  and  valve 
lift  are  functions  of  fuel  flow  as  shown  in  figure  94. 
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FLOW  •  IB/HR 

Figure  94  Flow  Divider  Valve  Comparison  FD  3S17 


Valve  2  was  designed  by  selecting  a  slot  width  of  0.030  inch.  This  passage 
siae  was  found  to  be  adequate  during  the  comparative  nozzle  spray  test. 
This  selection  determined  the  required  variation  of  valve  lift.  This  valve 
characteristic  is  also  shown  plotted  with  pressure  and  valve  opening  area 
in  figure  94.  Contaminants  would  be  less  likely  to  accumulate  in  the  open¬ 
ing  of  this  valve  bmuse  of  its  shape.  In  addition,  if  hard  materials  are 
used,  the  cylinder  and  the  slots  could  be  made  with  sharp  corners  so  that 
any  contaminant  that  did  accumulate  would  be  sheared  away. 

In  valve  2  there  would  be  no  positive  seat;  a  very  small  clearance  between 
the  piston  and  the  cylinder  could  be  used  to  control  the  flow.  To  indicate 
how  successful  an  arrangement  using  this  principle  would  be,  the  leakage 
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flow  at  150  psi  has  been  calculated  for  a  valve  with  a  piston  diameter  of 
5/ 16  inch  and  several  radial  clearances.  -These  values  are  presented  below: 
Radial  Clearance,  inch  Leakage  flow,  Ib/hr 


0.0002 

0.0001 

0.00001 


21.8 

10.9 

1.8 


It  should  be  recalled  that  with  a  clearance  of  0.00018  inch  in  the  variable 
area  dual  orifice  nozzle  there  was  no  hysteresis  during  the  comparative 
nozzle  spray  tests;  consequently  so  long  as  the  clearance  is  smaller  than  this 
value,  the  contaminant  should  not  cause  poor  valve  performance. 

It  should  also  be  noted  that  the  leakage  flow  of  1.8  Ib/hr  would  not  be 
troublesome  fur  this  particular  flow  schedule  because  the  nozzle  would  not 
be  used  at  pressures  below  150  psi.  For  other  applications,  pressure  as 
high  as  this  would  not  be  required  and  consequently  the  leakage  flow  with 
a  given  clearance  would  be  less.  As  a  result  the  principle  is  considered 
to  be  practical. 

d.  Spill  Nozzle 

The  spill  nozzle  can  be  designed  to  meet  the  specifications  of  150  psi  at 
34  Ib/hr  and  the  atomization  requirement  at  this  low  flow  only  with  a 
high  fuel  supply  pressure  or  a  large  inlet  fuel  flow.  This  is  illustrated  in 
figure  95  where  the  nozzle  inlet  flow  requirements  to  achieve  a  spray  with 
a  mean  droplet  size  of  150  microns  at  a  nozzle  discharge  flow  of  .34  Ib/hr 
are  plotted  against  the  orifice  discharge  coefficient  for  two  inlet  supply 
pressures,  450  and  750  pig.  It  can  be  seen  that  if  a  supply  pressure  of  450 
pig  is  used  the  fuel  flow  requirements  are  of  the  order  of  100,000  Ib/hr 
which  is  unreasonably  high.  For  an  inlet  pressure  of  750  psig,  the  required 
fuel  flow  is  more  reasonable.  Delavan  Manufacturing  Compny  recom¬ 
mended  a  spill  nozzle  with  an  inlet  pressure  of  750  psig  and  with  a  schedule 
defined  by  the  curve  in  figure  96.  This  design  corresponds  to  a  discharge 
coefficient  of  0.49  where  the  orifice  diameter  is  0.084  inch,  and  the  total 
slot  area  is  0.0064  square  inch;  these  values’ can  l>e  obtained  from  figure 
97. 

The  spill  nozzle  dimensions  are  presented  below. 

Orifice  Diameter,  Swirl  Slot  Dimeniions,  Number  of  Sion 

inch  inch 

0.084  0.028  X  0.028  8 

To  meet  the  flow  schedule  shown  in  figure  96,  it  is  necessary  to  have  a 
valve  similar  to  a  flow  divider  valve  in  the  spill  return  line.  .Although  this 
valve  would  not  be  an  integral  prt  of  the  nozzle,  its  size  must  Ire  included 
since  it  is  required  for  opration  with  the  spill  nozzle  only.  The  flow 
sthedules  for  this  valve  are  defined  by  the  rettirn  flow  and  the  spill  pres¬ 
sure.  This  data  can  be  obtained  from  figure  96.  If  a  dist  harge  coefficient 
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Figure  95  Inlet  Flow  Requirements,  Spill  Sotzie 


FD  3566 


Figure  96  Flow  Schedule.  Spill  Nozzle 


FD  3512 
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Figure  91  Effect  of  Discharge  Coefficient  on  Xozile  Dimensions,  FD  3f6S 

Spill  Noxxle 


of  0.90  is  assumed,  then  the  metering  area  versus  nozzle  discharge  flow  can 
be  obtained.  Furthermore,  if  it  is  assumed  that  a  valve  similar  to  that  dis¬ 
cussed  in  the  flow  divider  valve  section  can  be  used  (a  valve  in  which  two 
slots  in  the  valve  piston  each  with  a  width  of  0.030  inch  are  used  as  the 
metering  area) ,  the  valve  lift  is  a  function  of  nozzle  discharge  flow,  as 
shown  in  figure  98.  As  shown  in  this  figure,  the  valve  minimum  opening 
size  that  is  defined  by  the  valve  lift  decreases  with  nozzle  discharge  flow. 

2.  IMPINGEMENT  NOZZLE 

Of  the  two  types  of  impingement  nozzles,  the  jet-surface  impingement  type 
is  better  for  spraying  contaminated  fuel  because  its  passages  would  be  the 
largest.  For  this  nozzle  type,  the  nozzle  dimensions  and  the  energy  require¬ 
ments  were  computed.  These  are  discussed  below. 

Since  the  impingement  nozzle  is  basically  a  pressurizing  nozzle  then  it 
is  possible  to  meet  the  flow  specifications  with  two  different  size  impinge¬ 
ment  nozzles  and  a  flow  divider  valve.  If  only  one  impingement  nozzle 
was  used,  and  if  the  nozzle  was  designed  to  meet  the  minimum  pressure 
requirement  of  150  psig  at  34  Ib/hr,  then  at  the  maximum  flow  of  890 
Ib/hr  the  pressure  drop  across  the  nozzle  would  be  10,300  psig.  This 
pressure,  of  course,  is  impractical;  it  indicates  the  necessity  of  a  two  orifice 
system  in  which  a  larger  orifice  is  used  for  the  higher  flow  rates.  The 
flow  to  the  larger  orifice  would  be  controlled  by  a  flow  divider  valve. 
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Figurt  98  Requirements  for  Metering  Valve  in  Bypass  Line,  FD  )f08 

Spill  Noale 


An  impingement  nozzle  was  designed  for  the  flow  schedule  specified.  The 
equations  presented  in  Appendix  D  for  the  impingement  nozzle  were 
used.  The  primary  orifice  of  this  nozzle  was  sized  by  assuming  a  discharge 
coefficient  of  0.90  and  by  use  of  the  pressure  requirement  of  150  psi  at 
the  minimum  flow  of  34  lb/ hr.  The  diameter  size  obtained  for  these  con¬ 
ditions  is  0.0154  inch.  With  an  angle  of  impingement  of  45  degrees  and 
the  orifice  located  I.O  inch  from  the  impingement  surface,  the  droplet 
size  for  this  size  orifice  varies  as  shown  in  figure  99.  (The  droplet  size 
varies  with  impingement  angle  and  the  disunce  from  the  impingement 
surface;  however,  the  values  cited  were  selected  because  these  are  considered 
practical. ) 
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In  lizing  the  secondary  orifice,  the  diameter  was  selected  that  would  produce 
a  spray  with  a  mean  droplet  size  of  150  microns  at  240  Ib/hr  (as  in  the 
design  of  the  secondary  orifice  for  the  dual  orifice  nozzle) .  In  figure  100, 
the  design  point  is  illustrated  where  orifice  diameter  is  plotted  against 
mean  droplet  size  and  orifice  pressure  drop  for  a  flow  rate  of  240 
Ib/hr.  (The  mean  droplet  diameter  that  is  presented  is  for  an  angle 
of  impingement  of  45  degrees  and  the  orifice  located  1.0  inches  from  the 
impingement  surface.)  The  variation  of  pressure  and  droplet  size  with  flow 
rate  for  this  orifice  diameter  is  shown  in  figure  99. 
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Figure  99  Effect  of  Flow  Kate  on  Pressure  and  Mean  Droplet  Siie, 
Impingement  Noule 
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Figure  100  Design  Point  for  Secondary  Orifice  of  Impingement  Nozzle  FD  }SS6 

The  flow  requirements  for  a  flow  divider  valve  that  will  schedule  the 
flow  through  the  secondary  orifice  of  the  impingement  nozzle  are  the 
same  as  those  for  the  dual  orifice  nozzle.  With  this  specification  the  flow 
schedule  of  the  impingement  nozzle  (orifices  and  valves  together)  will  be 
as  shown  in  figure  101. 

In  summary  the  impingement  nozzle  has  the  dimensions  presented  in 
table  XV. 


TABLE  XV.  IMPINGEMENT  NOZZLE  DIMENSION 


Orifice 


Primary 

Secondary 


Outlet  Orifice  Distance  frain  Angle  of 

Diameter,  Inches  Impingement  Surface,  Impiiigement, 

Inches  Dcpecs 

0.0154  1.0  45 

0.043  1.0  45 
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Figure  101  Flow  Schedule,  Imfringernent  Nozzle 


FD  )S04 


3.  AIR  ATOMIZING  NOZZLES 

There  are  three  types  of  air  a.omizing  noules  that  can  be  used  to  atomize 
fuel  in  a  turbojet:  (1)  internal  mixing  nozzle.  (2)  external  mixing  nozzle, 
and  (3)  air  assist  nozzle.  These  are  described  in  Appendix  C.  Of  the  three 
nozzles,  the  air  assist  is  probably  the  most  practical  nuzzle  fur  turbojet 
application  because  (I)  moderate  pressures  are  maintained  in  the  fuel 
system  throughout  the  flow  schedule,  (2)  the  spray  angle  from  this  nozzle 
approaches  that  of  a  pressure  atomizing  nozzle,  and  (3)  the  airflow  re¬ 
quirements  are  lower  than  that  for  other  types  of  nozzles.  Because  of  these 
characteristics,  only  an  air  assist  nozzle  was  considered  in  the  study. 

An  air  assist  nozzle  for  the  flow  range  could  be  made  with  a  secondary 
orifice  of  the  dual  orifice  nozzle  enclosed  in  an  air  orifice.  (The  arrange¬ 
ment  would  be  similar  to  that  shown  in  figure  C-ll  of  Appendix  C.) 
In  the  air  assist  nozzle,  air  wo:.'ld  be  used  to  atomize  the  fuel  at  low 
flow  rates  when  the  mean  droplet  size  obtained  from  the  nuzzle  alone 
is  larger  than  150  microns.  The  setondary  orifice  provides  a  mean  droplet 
size  of  150  microns  or  less  in  the  flow  range  240  to  890  Ib/hr.  Con¬ 
sequently,  air  atomization  would  be  required  in  the  flow  range  from  34 
to  240  Ib/hr.  The  air  requirements  to  achieve  a  mean  droplet  size  of 
150  microns  have  been  calculated;  these  are  presented  in  figure  102. 

The  dimensions  of  the  air  assist  nozzle  would  be  the  same  as  those  of 
the  secondary  orifice  of  the  dual  orifice  nozzle.  However,  in  the  air  assist 
nozzle  there  could  be  no  primary  orifice,  and,  consequently,  no  small 
annulus  between  the  secondary  and  primary  orifices. 
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Fiptre  102  Air  Re^uirtmmh,  Air-AuiU  Noule 
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4.  RESULTS 

Shown  in  figure  lOS  are  plou  of  the  energy  requirements  of  each  of  the 
noales.  The  energy  requiremenu  for  any  of  the  noales  are  not  large 
enough  to  make  their  use  objectionable.  Therefore,  the  minimum  open- 
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ing  dimeiuion  will  be  used  as  the  criterion  for  comparing  the  nozzles. 
The  variation  of  the  minimum  opening  in  each  nozzle  with  flow  rate 
is  shown  in  figure  104.  The  flow  divider  valve  has  been  considered  as  a 
part  of  the  dual  orifice  noule  and  the  impingement  nozzle;  also  the 
metering  valve  required  in  the  return  line  of  the  spill  nozzle  was  con¬ 
sidered  to  be  a  part  of  the  spill  nozzle.  With  these  valves  included  in  the 
considerations,  a  fair  evaluation  is  obtained;  if  they  were  not  included, 
some  misleading  conclusions  might  be  made. 
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Figurt  103  Scale  Energji  Requirements  FD  3370 
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As  shown  in  figure  104,  if  cunsideratiun  is  given  only  to  passage  size, 
the  air  assist  nozzle  is  best  for  spraying  contaminated  fuel  in  the  flow 
range  considered.  However,  there  are  other  nozzle  characteristics  that 
must  be  considered.  For  the  air  assist  nozzle,  the  characteristics  are  listed 
and  discussed  below: 

a.  Flow  Schedule  —  The  nozzle  inlet  pressure  at  minimum  flow  is 
much  lower  than  the  150  psi  specified.  This  high  pressure  requirement 
at  the  minimum  flow  arises  from  the  fact  that  the  fuel  is  used  to  cool 
auxiliary  equipment  in  the  aircraft  before  it  is  burned.  Consequently, 
the  air  assist  nozzle  could  not  be  used  without  modifying  the  aircraft 
so  that  refrigeration  could  be  obtained  from  another  source. 

b.  Air  Requirements  —  Although  the  air  requirements  are  not 
considered  to  be  excessive,  an  air  assist  nozzle  has  never  been  used 
on  a  turbojet  engine.  Furthermore,  utilization  of  air  assist  nozzles 
could  require  extensive  engine  modifications.  The  design  burner 
can  would  have  to  be  changed  since  the  air  distribution  to  the  can 
would  be  changed. 

c.  Spray  Pattern  —  The  spray  angle  and  spray  uniformity  of  an  air 
assist  nozzle  have  not  been  investigated  thoroughly.  Furthermore, 
the  repeatability  of  the  spray  pattern  of  the  air  assist  nozzle  has 
never  been  established. 

d.  Atomization  At  lx)w  Fuel  Temperature— The  energy  requirements 
presented  in  figure  103  are  for  a  fuel  temperature  of  80*  F.  If  the 
temperature  is  low,  the  degree  of  atomization  for  the  same  air  condi¬ 
tions  would  be  reduced  significantly.  This  would  result  in  poor 
surting  reliability. 

Because  of  these  considerations,  a  feasibility  program  would  be  required 
before  the  air  assist  or  any  type  of  air  atomizing  nozzle  could  be  used  in 
a  turbojet. 

The  orifice  size  of  the  impingement  nozzle  alone  makes  it  undesirable. 
In  addition,  the  spray  pattern  emitted  from  this  nozzle  is  completely 
different  from  the  hollow  spray  cone  of  swirl  type  nozzles  that  are 
commonly  used  in  turbojets.  The  burner  can  would  have  to  be  designed 
for  use  with  impingement  nozzles. 

The  metering  valve  in  the  return  line  of  the  spill  nozzle  decreases  with 
notzle  discharge  flow,  making  the  desirability  of  this  nozzle  questionable. 
Another  undesirable  feature  of  the  spill  nozzle  is  the  elaborate  control 
system  that  is  required. 

Based  on  the  foregoing  considerations,  the  dual  orifice  nozzle  is  the 
best  choice  for  spraying  contaminated  fuel  in  the  flow  range  from  34  to 
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890  lb/ hr,  when  a  minimum  pressure  ut  150  psi  must  be  maintained 
upstream  uf  the  nozzle.  In  the  comparative  nozzle  spray  test  the  smallest 
opening  in  which  contaminant  did  not  accumulate  is  0.027  inch.  Because 
this  size  is  only  slightly  smaller  than  the  primary  orifice  swirl  slots  it 
would  be  desirable  to  use  a  350-micron  filter  at  the  nozzle  inlet,  at  least 
on  the  primary  nozzle. 
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APKNDIX  A 

FUNGUS  PtOPERTIES 

This  program  required  that  fungus  he  one  of  the  contaminants  in  the 
turbojet  engine  fuel.  Because  Pratt  &  Whitney  Aircraft  did  not  have  a 
sufficient  quantity  of  fungus<ontaminated  fuel,  BuWeps  «i';jp!ied  the 
fungus  to  be  dispersed  in  the  fuel.  The  fungus  is  mycelium  (penicillin 
mash)  from  the  Pfizer  Corporation,  Croton,  Connecticut.  Early  in  the 
program,  considerable  difficulty  was  experienced  in  blending  the  fungus 
with  the  fuel.  Attempts  to  blend  the  fungus  in  the  fuel  by  stirring, 
agitation  in  a  Waring  blender,  and  ultrasonic  agitation  were  completely 
unsuccessful.  However,  it  was  found  that  the  fungus  blends  readily  with 
water,  and  a  gcKxl  representation  of  the  fungus  that  will  be  encountered 
under  actual  conditions  can  be  obtained  by  mixing  water  with  the  fungus 
before  dispersion  into  the  fuel.  Consequently,  it  was  decided  to  mix  10 
parts  by  weight  of  water  with  1  part  by  weight  of  fungus  in  the  “as-re¬ 
ceived"  condition.  The  fungus  and  water  mixture  was  used  to  replace 
the  water  specified  in  MIL-E-5007B  for  the  contaminated  fuel  tests.  The 
water  in  the  mixture  was  the  type  specified  in  M1L-E-5007B.  This 
decision  was  approved  by  Mr.  H.  E.  Jackson  of  the  Bureau  of  Naval 
Weapons  during  his  inspection  of  the  program  and  facilities  at  the  Florida 
Research  and  Development  Center  on  6  September  1961. 


To  permit  future  duplication  of  tests,  an  analysis  of  the  fungus  in  "as- 
received"  condition  was  made.  The  following  properties  were  determined: 


Density 

Water  Content 
Ash  Content 


1 .069  grams  per  cubic  centimeter 
80  percent  by  weight 
1.5  percent  by  weight 


AIRCKfRAP-r 
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AmNDIX  • 

CONTACT  WITH  NOZZLi  MANUFACTIMMS 

I.  INTRODUCTION 

At  the  start  of  this  study,  several  nuzzle  manufacturers  were  contacted 
to  obtain  information  that  is  pertinent  to  this  program.  (See  Table  B-1.) 

The  following  items  were  distussed  with  representatives  of  each  com¬ 
pany:  (I)  work  that  has  been  done  toward  developing  a  nozzle  for  spraying 
contaminated  fuel,  and  (2)  nozzles  that  are  tiirrently  available  that  might 
be  evaluated  in  the  nozzle  spray  tests.  Included  below  are  (I)  a  table 
showing  the  nozzle  manufacturers  that  were  lontacted,  (2)  a  review  of  the 
previous  work  that  has  been  done  with  contaminated  fuel.  (3)  a  list  of  the 
reports  received,  and  (4)  the  titizzles  that  were  recommended  for  the  test. 


TABLE  B  l.  NOZZLE  MANUFACTURERS  CONTACTED 


Firm 

Penoni  Contacted 

Date  of  Visit 

Delavan  .Manufacturing  Co. 

Rothwell,  Tate.  Brut  ker, 
Burgess.  Slezak 

18  July  1961 

Ex-Cel  l-O-Corp. 

Martin  Plant 

Weldy .  Helmrit  k 

19  July  1961 

Parker-Hannifin  Ca»rp. 
.Accessories  Division 

Webster.  Simmons, 
Cleininshaw 

20  July  1961 

Eddington  Specialty 

Czarnet  ki 

21  July  1961 

In  addition,  the  program  was  distiissed  with  .Mr.  |.  K.  Campitell  of  the 
Campbell  Development  Cktrporation,  (iates  .Mills,  Ohio  during  his  visit 
to  FRDC  on  23  December  l*Hil.  Mr.  Campbell  designed  the  variable 
area  dual  orifice  nozzle  that  was  esaluated  in  the  comparatixe  nozzle  spray 

test. 


2.  REVIEW  OF  PREVIOUS  WORK  WITH 
CONTAMINATED  FUEL 

It  was  found  that  Ex-Cell-O,  Delavan.  and  Parker  have  performed  tests 
with  contaminated  fuel.  However,  futigiis  attd  algae  were  not  included 
as  constituents  of  the  contatninani  in  any  phase  of  these  experiments.  The 
work  at  £x-Cell-0  was  done  to  develop  a  nozzle  that  would  resist  erosive 
effects  of  the  contaminants.  Delavan  and  Parker  have  evaluated  nozzles 
designed  for  spraying  fuel  contaminated  in  exiess  of  that  specified  by 
MIL-E-5007B,  in  addition  to  erosion  work.  Both  ol  these  companies  stated 
that  the  cotuiA  lint  is  the  most  tiotiblesoinc  (oiitaminant  tonstituetu  be¬ 
cause  it  accumulates  in  the  (oiners  of  the  mesh  of  a  filter  and  in  the 
nozzle  passages,  thus  obstriuting  fhiw. 
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In  addition  to  the  general  review  presented  above,  Delavan  Manufacturing, 
who  was  a  subcontractor  for  a  ptjrtion  of  the  program,  included  a  detail  re¬ 
view  of  all  of  their  work  with  contaminated  fuel  in  their  first  progress 
report  (Delavan  Technical  Report  No.  196).  This  review-  is  presented 
below: 

a.  The  modulating  cha.acteristics  of  a  dual  orifice  nozzle  with  a  flow 
divider  valve  was  evaluated  while  spraying  fuel  contaminated  with 
.\flL-E-5007A  contaminant.  The  following  conclusions  were  made: 

(1)  Contaminant  particles  in  the  fuel  cause  erratic  modulation 
of  nozzles  with  integral  flow  divider  valves  when  operating 
in  the  transition  range. 

(2)  The  detrimental  effects  of  contaminated  fuel  upon  modula¬ 
tion  in  the  transition  range  can  be  greatly  reduced  by  the 
combination  of  (a)  a  lO-micron  filter  upstream  from  the  nozzle 
and  (b)  the  application  of  vibration  to  the  nozzle. 

(3)  There  is  evidence  that  operational  time  on  contaminated 
fuel  can  be  extended  by  periodically  clearing  the  nozzle  with 
abrupt  surges  of  high  operating  pressures. 

b.  In  another  study,  an  evaluation  was  made  of  the  performance  of 
three  dual  orifice  nozzles  with  integral  flow  dividers  using  con¬ 
taminated  fuel.  That  portion  of  the  flow  range  in  which  transition 
from  primary  to  combined  primary  and  secondary  flow  occurs  was 
studied  in  particular.  From  these  tests  Delavan  concluded  that 
.MIl.-E-r)^)?.^  toiuaminaiu  would  cause  malfunction  only  in  a 
flow  divider  iyf>e  of  nozzle,  and  then  only  at  the  secondary  cutin. 

c.  A  study  was  made  of  afterburner  fuel  injectors  in  which  fuel  was 
subjcxted  to  "Normar’  (.MIL-E-5007B  through  a  74-micron  filter) 
and  "Emergency”  (MIL'£-5007B)  contamination  tests.  The  con¬ 
clusions  of  that  study  were: 

(1)  The  strainer  opening  sizes  were  large  enough  to  prevent  plug¬ 
ging  and  to  protec  t  the  metering  mechanism  against  the  un¬ 
usually  large  objects  or  metal  chips. 

(2)  The  injectors  evidenced  some  plugging  during  the  test; 
however,  they  were  able  to  clean  themselves  and  continue 
flowing. 

d.  A  '»0-hour  enduraiue  test  svas  conducted  on  flow  divider  valves 
with  MI1.-E'.'>007B  contaminants  that  included  lint.  The  lint 
proved  to  be  a  definite  plugging  factor. 
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e.  In  another  study  three  injectors  were  evaluated  to  compare  con¬ 
tamination  (MIL-E-fiOOTB)  buildup  in  the  nozzle  when  using  dif¬ 
ferent  strainers.  A  74-mitron  filter  and  a  ir)0-micron  filter  were 
evaluated.  It  was  found  that  an  increase  of  strainer  size  from  74 
microns  to  150  microns  resulted  in  nozzles  passing  a  20-hnur  en¬ 
durance  test,  whereas  the  74-micrun  strainer  plugged  after  5  hours. 

f.  Another  test  was  run  to  determine  whether  a  strainer  with 
larger  openings  would  satisfactorily  pass  the  MIL-E-5007A  test. 
A  50-mesh  screen  with  a  0.0085-inch  wire  diameter  (300  microns) 
was  used  in  the  test.  The  results  shcnved  that  the  strainer  retained 
lint  that  in  turn  was  capable  of  restricting  particles  smaller  than 
the  strainer  openings. 

g.  Six  Delavan  fuel  nozzles  were  tested  with  fuel  contaminated  with 
MIL-E-3007B  filtered  through  a  74-micron  filter  fur  10  hours. 
After  the  test  the  nozzles  were  flow  tested,  disassembled,  and 
evaluated.  The  flow  schedules  ut  the  nuzzles  were  not  changed 
significantly  by  the  test. 

3.  REPORTS  RECEIVED 

a.  Contaminated  Fuel  Reports 

The  following  reports,  which  summarize  work  with  contaminated 
fuels,  were  received  from  Delavan  Manufacturing  Company: 

(1)  O'Hara,  R.  J.  "Evaluation  of  DLN  6525A  Fuel  Nozzle  As¬ 
sembly  After  Contamination  Test,”  Delavan  Manufacturing 
Co.  Technical  Report  No.  128.  July  16,  1959. 

(2)  Wilcox,  R.  L.  "Fuel  Contamination  Study,  DLN  8275  Fuel 
Nozzle  Program,"  Delavan  Manufacturing  Co.  Technical  Re¬ 
port  No.  145,  December  29,  1959. 

(3)  Brucker,  J.  R.  “Evaluation  of  DLN  8275  Nozzles  After  Con¬ 
taminated  Fuel  Endurance  Tesu,”  Delavan  Manufacturing 
Co.  Technical  Report  No.  146,  December  30,  1959. 

A  summary  (jf  these  reports  is  included  in  Section  2,  preceding. 

b.  Fuel  Nuzzle  Reports 

In  addition  to  the  foregoing  reports,  some  reports  were  received 
that  were  helpful  in  the  analytical  studies  of  this  contract.  These 
reports  are  listed  below  under  the  .supplier. 

(I)  Delavan  Manufacturing  Company 
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(a)  “Atomizing  Nozzles  for  Ck)mbustion  Applications,"  pub¬ 
lished  by  Delavan  Engineering  Department,  February 
1961. 

(b)  “Spray  Droplet  Technology,"  published  by  Delavan  En¬ 
gineering  Department,  March  1958,  revised  January 
1961. 

(c)  Tate.  R.  W.,  “Spray  Patternation,"  reprinted  from  In¬ 
dustrial  and  Engineering  Chemistry,  Vol  52,  page  49a, 
()«tober  1960. 


(2)  .\ctessoties  Division  of  Parker-Hannifin  Ctjrporation 

(a)  Webster.  W.  "A  (iuide  for  the  Selection  of  Fuel 
Nuzzles  tor  (ias  Turbine  and  Similar  Applications,"  (no 
date) 

(b)  Siiniiions.  H.  "Design  Kep<m  on  High-Flow-Capacity 
Small-DiaiiHier  \'arial)le-.\rea-N'ozzle,"  Engineering  Re- 
jjoii  ,\o.  IMI l-R.')270.  .November  29,  19r»0. 

(1/  Simiiions.  H.  C.  "  I  be  .Spill  Nozzle  as  Csed  in  (ias  Tur¬ 
bine  Fuel  Injedion  Sysiem."  Engineering  Report  No. 
I.‘M.S(4.52IS.  .May  21.  I960. 

4.  NOZZLES  KECO.M. MENDED  FOR  THE  C:OMPARATlVE 
NOZZLE  SPRAY  TESTS 

riie  following  no/zio  weie  ie< oniineiuied  lor  the  loinparaiive  nozzle  .spray 
tests  by  the  respeciise  nozzle  luaniifadurers.  (  The  nozzles  that  were  selet  ted 
for  the  test  are  desdiln-d  in  Section  V  of  the  report.) 

a.  Delavan  .Maiiiilai  luring  Company 

(1)  Dual  oiiliie  nozzle  wbidi  is  pieseiiily  u.sc‘d  on  the  |7.'i  engine 

(2)  X’ariable  .ne.i  noz.'K' 

(.1)  .Simplex  nozzle 

(I)  Spill  nozzle 

(.5)  Industrial  air  aioinizing  nozzle. 

b.  Aitessoius  Disision  ol  I’.n ker-ll.mniliii  C,or|)oralioii 

(I)  Du.il  oiitiiv  nozzle  with  iniegial  flow'  divider  made  of  speiial 
in.iieii.iis  to  resist  loinision  by  (oniaminaiils  and  having  tea- 
lures  to  minimize  dogging 
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(2)  Dual  orifice  nuzzle  with  integral  flow  divider  with  an  alter¬ 
nate  approach  of  that  used  in  Nozzle  No.  I  for  minimizing 
corrosion 

(3)  Parker-pintle  nozzle 

(4)  Spill  nozzle 

c.  Eddington  Metal  Specialty  Company 

(I)  Variable  area  nozzle-Eddington  Designation  No.  V-181. 

d.  Ex-Cell-O  Corporation-Martin  Plant 

(1)  Dual  orifice  with  external  flow  divider  which  is  presently 
used  on  the  |57  engine 

(2)  Dual  orifice  with  external  flow  divider  which  is  presently 
used  on  the  JTI2  engine. 
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APPENDIX  C 

DESCRIPTION  OF  NOZZLE  TYPB 

The  three  basic  atomizing  nuzzles,  which  were  (1)  the  pressure  atomizing, 
(2)  the  air  atomizing,  and  (S)  the  impingepient  atomizing,  are  discussed 
below.  This  information  was  taken  from  the  Delavan  Manufacturing 
tlo.  Progress  Reports,  Delavan  Technical  Reports  196  and  199. 

1.  PRESSURE  ATOMIZING  NOZZLES 
a.  THE  SIMPLEX  NOZZLE 

The  simplex  nozzle  is  the  simplest,  pressure  atomizing,  swirl  type 
nozzle.  Figure  C-1  shows  the  basic  design  of  this  nozzle.  The 
liquid  is  forced  through  the  tangential  distributor  slots  under 
pressure  and  enters  the  swirl  chamber  at  a  high  velocity.  The 
liquid  then  moves  toward  the  orifice  at  the  center  of  the  swirl 
chamber  in  a  spiral  path  as  a  free  vortex.  (The  velocity  of  the 
liquid  increases  as  it  approaches  the  center  of  the  vortex.)  The 
liquid  emerges  from  the  orifice  in  a  conical  film  of  liquid  that 
breaks  up  into  droplets  of  varying  size.  For  a  given  simplex  nozzle, 
variation  in  discharge  rate  is  proportional  to  the  square  root  of 
the  nozzle  pressure. 
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'T't  1  .,t  ,  III  bt  clitkifii!  lor  nozzles  of  different  flow 

I..U  ^  ano  spiay  aii^lcs.  1  he  (  urve  ill  figure  C-2  shows  the  variation  « 

in  naan  dioplet  diameter  for  nozzles  of  different  sizes  for  a 

nozzle  pressure  diop  of  iuo  psi.  Droplet  size  is  generally  larger 

for  higher  rapacity  nozzles,  all  other  conditions  remaining 

constant. 

Simplex  nozzles  and  other  swirl  chamber  nozzles  generally  pro¬ 
duce  a  hollow  spray  cone.  Spray  angle  is  a  function  of  the  geom¬ 
etry  of  the  metering  passages  such  as  orifice  length,  orifice 
contour,  swiil  chamber  design,  slot  design,  and  ratio  of  slot 
area  to  orifice  area.  It  is  extremely  difficult  to  construct  a  sim¬ 
plex  nozzle  with  a  spray  angle  (included  angle  measured  at  the 
orifire)  less  than  ItO  degrees.  At  high  flow  rates  narrow  angles  are 
diltuuli  to  pr<xliue. 


//  ////,  >1.1/  »//*'///<  / 

.\  dual  •Piilxt  nozzle  omsisis  ol  a  nozzle  within  another  nozzle. 
I  ,  ,  .jciii  .  d.iil  i.iil’.  I  pz/Ii  is  two  (oiKcntric  simplex  nozzles 
within  one  hotly.  (1)  an  inner,  low  capacity  nozzle  called  the 
prnnary  s(.i,..;e  ami  ^2)  an  outer,  annular  nozzle  called  the  sec- 
ond.iiy  .si.i^e  I  hi.-p  tlcsign  ptuvides  gtMxl  atomization,  a  wide 
llipw  laiigt,  .Util  a  unihiiin  spray  angle  rtver  the  entire  range  (char- 
.tiieiisiKs  p.iiiii  ulail)  desu.ihli  ill  gas  turbine  applicatitms). 
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A  schematic  of  a  dual  orifice  is  shuivn  in  figure  G3.  At  low  flows, 
the  'fual  orifice  nuzzle  operates  as  a  simplex  noztle  with  only 
the  pn."ary  or<fice  flowing.  When  the  flow  from  the  primary 
orifice  is  suble  and  well  atomized,  fuel  is  admitted  to  the  sec¬ 
ondary  orifice.  The  introduction  of  the  secondary  flow  is  ittually 
delayed  until  after  the  fluid  pressure  of  the  primary  system 
increased  to  the  extent  that  the  primary  spray  can  assist  with 
the  breakup  of  the  secondary  spray  during  the  phase  when  sec¬ 
ondary  pressure  is  less  than  10  psig. 


Figure  C-J  Dual  Orifice  Noule  Diagram 


FD  ff60 


A  flow  ratio  of  20  to  I  is  quite  (oiiuiion  with  dual  orifice  nozzles, 
and  nozzles  with  a  .'lO  to  I  ratio  (for  example,  a  flow  raiq^e  of  20 
to  1000  lb /hr)  have  been  built.  The  minimum  primary  flow 
determines  the  dttal  orifice  twtzzle  minimum  flow  requirement. 
Figure  C-4  illustrates  a  typical  flow  curve  for  a  dttal  orifice  nozzle. 

A  valve  is  required  t«i  ‘’stheditle  ’  flow  t«)  the  secondary  ori¬ 
fice.  Both  separate  exterttal  flow  divider  valves  and  integral  flow 
divider  valves  are  used. 

Specific  information  ott  spray  droplet  size  fnmi  dual  orifice 
nozzles  will  vary  with  the  design  configttration.  The  dro|det 
size  from  the  primary  nozzle  will  l>e  equivalent  to  that  from  a 
simplex  nuzzle  of  the  same  tapaiity  attd  at  the  same  fnessure.  As 
secondary  flow  is  intmditced  attd  energy  from  the  primary  spay 
is  used  to  atomize  the  secoitdary  orifice  flow,  the  droplet  size 
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will  hc‘  larKt-r.  At  niaxiinum  diicharge,  the  spray  characteristics 
are  approximately  the  same  as  the  simplex  nonie  with  the  same 
liistharge  rate  and  the  same  pressure. 

A  relatively  constant  spray  angle  can  be  maintained  over  the 
entire  operating  range  of  dual  orifice  nozzles.  Spray  angles  within 
the  TO'*  to  90°  range  are  possible. 


I 
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Figure  C-4  Typical  l>ual  Orifice  Somite  Curve 
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c.  THE  DUri  EX  NO/./.LE 

.\  duplex  iio//le  is  a  iio/zle  with  a  single  oriliee  and  two  sets  of 
inlet  swill  slots.  duplex  nozzle  is  shown  schematically  in 
figure  ('-.a.  I'he  How  iliiough  InuIi  sets  of  swirl  slots  is  combined 
iK'fore  the  litpiid  is  disih.irged  through  the  orifice.  The  flow 
to  the  large  set  oi  swirl  slots  is  varied  by  a  flow  divider  valve  similar 
to  that  used  with  the  dual  orifice  nozzle. 

The  nozzle  orifiie  is  si/eti  for  the  niaxiinum  discharge  rate.  Be¬ 
cause  of  its  large  oriiue  size,  the  duplex  nozzle  does  not  provide 
as  small  a  droplet  size  or  as  stable  a  spray  pattern  at  low  dis¬ 
charge  rates  as  the  dual  orifice  nozzle.  This,  together  with  tlie 
extremely  sniall  diinensions  of  the  priinary  slots,  limits  the  mini¬ 
mum  discharge  rate.  .Yssuining  cxiiiisalent  atoiniz.ation.  the  du¬ 
plex  nozzle  How  range  will  Ik-  cotisider.ibly  less  than  the  dual 
orifice  tiozzle  flow  range. 
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Fipirt  C-5  Duplex  Nozzle  Diagram  FD  MS 

With  a  duplex  nozzle,  the  spray  angle  increases  at  low  fuel  flows. 
Spray  angles  at  tnaximum  discharge  rates  can  be  between  45 
and  90  degrees. 

d.  THE  BYPASS  NOZZLE 

A  bypass  nozzle  or  spill  nozzle  is  shown  schematically  in  figure 
C-6.  The  mechanism  of  atomization  is  essentially  the  same  as 
in  a  simplex  nozzle.  A  wide  flow  range  is  accomplished  by  pro¬ 
viding  a  return  flow  from  the  swirl  chamber  to  the  suction  side 
of  the  supply  pump.  The  outlet  iirifke  and  tangential  skMS  are 
the  same  size  as  those  of  a  simplex  nuzzle  that  would  handle 
the  maximum  discharge  rate.  The  bypass  nozzle  maximum/ 
minimum  flow  ratio  is  virtually  unlimited.  Minimum  dischaige 
rates  with  good  atomization  at  1.5  pounds  per  hour  are  common. 

A  range  of  spray  angles  fnrni  .10  to  90  degrees  is  possible  at  the 
maximum  discharge  rate  with  a  bypass  nozzle.  The  spray  angle 
increases  as  the  flow  decreases.  It  is  possible  to  design  the  nozzte 
so  that  this  angle  chaiq^  is  not  excessive.  With  a  flow  ratio 
of  20  to  I,  the  spray  angle  at  minimum  flow  may  be  expected 
to  be  10  to  20  degrees  laiger  than  at  the  maximum  discharge 
rate. 
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Figtirt  C-6  Bypau  NovUe  Diagram 
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e.  VARIABLE  AREA  POPPET  NOZZLE 

This  noule  is  distinctly  different  from  the  swirl  chamber  nonle. 
A  schematic  of  the  nozzle  is  shown  in  figure  C-7.  Atomization  it 
accomplished  hy  spreading  the  liquid  with  a  poppet  into  a  thin 
conical  film  that  breaks  up  into  droplets  as  the  film  diverges. 
As  the  pressure  is  imreased,  the  poppet  moves  forward,  expotiiq; 
a  larger  orifice  area  and  permitting  a  greater  flow  throt^  the 
nozzle. 

Satisfactory  aiomizati<Hi  has  l>een  achieved  with  this  nozzle 
over  a  range  with  a  flow  ratio  in  excess  of  50  to  1.  The  curve 
in  figure  C'.-H  illustrates  a  ratio  of  28  to  I  with  400  psig  maximum 
nozzle  pressure.  .At  present,  the  minimum  flow  limitation  appean 
to  lie  .10  Ib/hr  for  a  fuel  with  a  viscosity  of  1  centistoke. 
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Thu  noizle  permits  spray  angles  from  30  to  180  degrees.  A  prac* 
tical  range  is  43  to  120  degrees.  The  spray  angle  is  fairly  uniform 
over  the  entire  range  of  operation. 
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2.  IMPINGEMENT  NOZZLES 

The  term  impingement  noale  refers  both  to  impact  and  impii^ng*jet 
atomizers.  In  the  former,  breakup  is  caused  by  a  liquid  jet  collidii^  a^inst 
.ill  external  surface.  In  the  latter  type,  two  or  more  jeu  impinge  tm  each 
other,  resulting  in  atomization.  Neither  of  these  type  iiuttlcs  have  ever  been 
used  in  turbojeu. 
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a.  IMPACT  NOin.ES 

Impact  noizle*  have  the  advanuge  of  no  internal  parts  that  can 
wear  or  clog.  Such  a  noiale  with  a  single  orifice  shonkl  be 
able  of  passing  contaminantt  more  rcndily  than  the  mult^iie 
orifices  which  are  required  fur  impingii^j  jeu.  A  suble,  uniform 
spray  pattern  is  difficult  to  achieve  with  an  impact  device  be¬ 
cause  the  plate  or  pin  interferes  with  the  spray. 

b.  IMPINGING  JET  NOZZLES 

Irapinging-jet  nozzles  are  used  extensively  in  liquid  propellant 
rocket  engines.  The  jets  of  this  nozzle  must  be  directed  very  ac¬ 
curately  so  that  they  will  collide.  This  requires  accurate  nuchin- 
ing  and  alignment  of  the  orifices.  Another  problem  is  pcrnr  atCMn- 
izaiion  at  low  jet  velcx  ities.  When  the  velocities  are  too  low,  very 
large  droplets  are  formed  around  the  periphery  of  a  flat,  oval- 
shawled  sheet  of  liquid.  As  velocity  increases,  the  sheet  disafqiean 
and  smaller  droplets  emanate  from  the  point  of  impii^^ment. 
(Jet  velcxities  of  at  least  30  to  40  ft/sec  are  required  for  good 
atomization.) 

S.  AIR  ATOMIZING  NOZZLES 

In  an  air  atomizing  nozzle,  the  energy  for  atomization  is  provided  by 
compressed  air  instead  of  fuel  pressure.  There  are  three  types  of  air 
atomizing  nozzles:  internal  mixing,  external  mixing,  and  air  assist.  These 
are  discussed  below. 

a.  INTERNAL  MIXING  NOZZLE 

In  an  internal  mixing  nozzle  (figure  C-9) ,  air  is  forced  through 
tangential  slots  and  enters  the  swirl  chamber  in  much  the  same 
manner  as  the  liquid  in  a  pressure-atomizing  nozzle.  The  fuel 
may  be  supplied  either  at  the  tangential  slots  cnr  upstream  bom 
them  so  that  the  turbulence  in  the  swirl  chamber  causes  thcurough 
mixing.  As  the  fuel-air  mixture  emerges  from  the  orifice,  the  ex¬ 
panding  air  shears  the  liquid  into  very  small  drofdets.  The 
internal-mixing  nozzle  is  not  generally  a  meteriiqj  nozzle.  A  ccMii- 
mon  practice  is  to  meter  the  fuel  by  an  external  means  that  pro¬ 
vides  a  positive  fuel  flow  to  the  nozzle.  The  pressure  of  the  fuel 
at  the  nozzle  is  established  by  the  air  pressure  and  fuel  flow 
rate,  and  it  must  be  balanced  so  that  fuel  will  ncx  back  up  into 
air  supply  and  vice  versa. 

Spray  angles  from  an  air-atomizing  nozzle  are  difficult  to  define. 
The  spray  is  es.sentially  a  solid  cone.  A  wide  s|»ay  angle  can 
i>e  produced  with  a  high  fuel-air  ratio.  The  minimum  sjHay 
angle  obiaiiiahle  is  approximately  SO  degrees,  and  the  maximum 
spray  angle  without  tlr«H>ling  is  approximately  90  degrees. 
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Figure  C-9  Internal  Alixirij;  .'fir  Atomiting  Noule  FD  3fii 


h.  EXTERNAL  MIXING  NOZZLE 

In  the  external  mixing  noale,  which  is  shown  in  figure  C-10, 
fuel  and  air  passages  are  not  interconnected  inside  the  nonle. 
The  fuel  emerges  from  the  nozzle  at  low  velocity  and  the  air 
impinges  upon  the  stream  of  fuel,  breaking  it  into  small  droplets. 
This  nozzle  can  be  designed  to  function  on  a  wide  rai^  of  air 
pressures.  However,  in  most  insunces,  for  satisbcuny  atom* 
ization,  a  lower  fuel-air  ratio  must  be  maintained  with  the  external 
mixing  nozzle  than  with  the  internal  mixing  nozzle.  With  some 
designs,  gravimetric  fuel-air  ratios  of  1  to  1  are  used.  This  nozzle 
can  l)e  used  to  atomize  a  wide  flow  rai^.  Spray  aisles  range 
from  20  to  over  100  degrees,  depending  upon  the  nozzle  de^n. 
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Figure  C-IO  External  Mixing  Air  Atomizing  Sozzle 
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c.  AlR-ASSlST  NOZZLE 

An  air-astist  noiilc  lues  air  for  atomiaation  at  the  low  fuel  flows 
and  tolerates  as  a  pressure-atomizing  iKwle  at  high  fuel  flows. 
This  scheme  permiu  good  atomization  with  much  lower  ducharge 
rates  than  are  possible  with  a  simplex  (pressure  atomizir^)  noale. 
By  using  air  only  for  the  lower  flows,  the  toul  air  requited  for 
atomization  is  minimal.  A  schematic  of  this  nozzle  is  shown  in 
figure  C-11. 

With  an  air-assist  nozzle  a  very  high  fuel-to-air  ratio  is  possiUe. 
This  nozzle  is  a  metering  device  and  follows  the  same  flow-f>res- 
sure  relatioiuhip  as  a  simplex  nozzle.  At  low  fuel  flows  and, 
therefore,  at  low  pressures,  distribution  to  several  nozzles  nuy 
have  to  be  controlled  by  an  auxiliary  modulating  device. 
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Figure  C-H  Air-Assist  Noztle 
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The  equations  used  during  the  analytical  studies  are  presented  in  this 
section  of  the  appendix.  The  section  is  divided  according  to  ncNtzle  type. 

1.  niESSURE  ATOMIZING  NOZZLES 
a.  THEORY 

The  dual  orifice  nozzle  and  the  spill  nuzzle  were  designed  by  use  of  the 
curves  that  were  developed  by  R.  W.  Tate  and  W.  R.  Marshall  (Ref.  I). 
These  design  t  urves  were  derived  from  the  results  of  tests  with  water 
during  which  the  diet  is  of  basic  nozzle  properties  on  spray  characteristics 
were  determined.  The  three  fundamental  nozzle  variables  studiedwere  (1) 
diameter  ttf  the  nozzle  orifice,  (2)  the  liquid  axial  velocity  component,  and 
(.i)  the  tangential  veltM  ity  component  of  the  liquid. 

The  results  of  the  study  are  empirical  expressions  for  the  spray  mean 
droplet  size,  the  spray  angle,  and  the  standard  deviation  of  the  droplet  size, 
which  is  a  measure  of  the  uniformity  of  the  spray.  The  resulu  were  pre¬ 
sented  in  the  form: 

D  =  f,.  (V,)  g.,  (V.)  ho  (d)  (1) 

$  =  (V.)  gj,  (V.)  h,  (d)  (*) 

s  =  fn  (V,)  gH  (V,)  h,  (d)  (S) 

where 

D  =  mean  droplet  size  in  microns 

0  ^  plane  angle,  including  80  percent  of  the  total  spray  volume 

in  degrees.  (Because  this  value  is  very  nearly  the  same  as 
the  spray  angle  measured  at  the  outlet  of  the  orifice,  it  was 
used  during  the  study.) 

S  =  standard  deviation 

V,  =  0.407Q/'d-  =  vertical  velocity  component,  ft/sec 
V,  =  0..^2Q  cosa/N  A  ;=  inlet  tangential  velocity  component, 

ft/sec 

d  =  Orifice  diameter,  in. 

Q  =  Orifice  flow  rate,  gal./min 
a  =  angle  made  by  the  slots  with  the  nozzle  axis 

N  =  number  of  swirl  slots 
A  =  ( russ'set  tional  area  of  a  single  swirl  slot,  in* 
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'I'Ir'  ftiiiition  f,  g,  and  li  fur  the  three  spray  characteristiis  U,  S,  and  S 

were  prest‘med  in  curve  form  in  the  referenced  report.  By  use  of  the  curvet  «. 

of  fd.  gd>  and  hd.  the  following  expression  was  derived  for  D: 

D  =  280  (d  +  0.1 7)  (e  )  (e -"••m*'*)  (4) 


A  similar  expression  for  the  spray  angle,  B,  was  not  developed. 

By  utilization  of  the  expression  for  flow  through  an  orifice, 

Q  ^  C7r/4d=*vT  (5) 

where 

Q  =  orifice  flow  rate 
C  =  discharge  coefficient 
d  ^  orifice  diameter 
P  orifice  pressure  drop 

the  pressure  drop  through  the  nuzzle  can  be  determined  for  a  given  flow 
rate,  and  a  given  orifice  diameter. 

It  has  been  shown  (Ref.  2)  that  the  discharge  ccrefficient,  C,  for  a  swirl 
type  nozzle  is  a  function  of  nuzzle  geometry  only,  and  not  a  function 
of  injection  pressure.  By  utilization  of  this  result,  it  can  be  seen  from 
equation  (.'»)  that  the  flow  rate  for  a  given  swirl  nuzzle  is  a  function  of 
pressure  drop  only.  An  expression  for  the  discharge  coefficient  for  a  swirl 
type  nozzle  has  lieen  developed,  it  is  presented  below; 

C  1.17  v/(I-4)  •/(»-♦)  (6) 

where 

^  —  the  square  of  the  ratio  of  diameter  of  the  air  core  in  the 
outlet  orifice  to  the  diameter  )f  the  outlet  orifice. 

The  nozzle  dimensions  are  related  to  the  term  ^  by  the  equation, 

K  =  NA/dd.=  V(l-f)  V24*  (7) 

Where  N.  A  and  d  are  as  defined  above  and  d,  is  the  diameter  of  the 
swirl  chamber.  By  use  of  equations  (ft)  and  (7),  the  discharge  coefficient 
for  a  given  set  of  nozzle  dimensions  can  be  determined. 

The  design  curves  presented  by  late  and  Marshall  and  equations  2,  5, 
ft,  and  7  were  used  in  the  design  of  the  dual  orifice  nozzle  and  the  spill 
nozzle.  The  prexedure  followed  during  the  study  is  outlined  in  Section 
VIII. 
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2.  THE  IMPINGEMENT  NOZZLE 

n.  THEORY 

In  the  design  ot  the  iinpingeiiient  nozzle  an  empirical  equation  that  was 
developed  by  Vasusi  Tanasawa  (Ret.  3)  was  used.  The  following  equation 
relates  the  droplet  size,  U,  to  orifice  diameter,  d,  impingement  velocity, 
V, .  surfate  tension.  <r,  and  liquid  density,  p.  This  equation  is 

D  =  1.7;l  d"  «  V,  "-*  (<rg..  p)"-« 

In'  this  equation  the  \el<Hity  .  is  the  impingement  velocity.  For  a  90 
degree  impingeineni.  this  veliMity  would  lie  the  jet  velocity.  For  a  jet 
whose  axis  makes  an  angle.  0.  with  the  impingement  surface,  the  equation 
can  he  written  in  terms  of  the  jet  velmity,  V,  by  using  in  place  of  V, , 
the  term  V  sin  B.  Furthermore  the  equation  can  be  written  in  terms  of 
the  veltHity  at  the  outlet  orlfite  hy  itse  of  the  expressions. 

V  =  8V„d  h.  h  =  a/.in  tf. 
atid  V„  =  Q/(fl’d'-/<) 

In  these  expressiotis. 

V,  =  veliK  iiy  ol  the  jet  in  the  outlet  orifice 
d  =  diatneter  ol  the  outlet  orifice 
h  -  distatue  alotig  the  axis  of  the  jet  from  the 
outlet  orifice  to  the  impingement  surface 
a  =:  perpenditular  distance  from  the  impingement 
sitrface  to  the  outlet  orifice  diameter 
Q  r  volumetric  flow  rate 

The  first  of  these  expressions  is  the  equation  f«  i  the  velocity  of  a  free 
jet  at  a  distance  h  from  the  orifice.  (This  equation  i.  derived  in  Reference 
4.)  The  second  expression  is  derived  from  a  consideration  of  geometry. 
The  last  expression  is  simply  the  expression  of  the  veUxity  in  a  circular 
orifice.  When  these  expressions  are  substituted  into  Tanasawa’s  equation, 
it  becomes 

D  =  1.73  [.32Qsin“»/aird»-»“]  '‘  »  [o' g^/p]"**" 

It  should  be  noted  any  tonsistent  set  of  units  can  be  used  fur  the  terms 
in  this  equation. 
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1r  .  iy»icai  nosxle  deiipi  rtudy  Ui«  drofiltt  tiw  WM  cxMoputed  by  ^ 

ujc  <A  the  Ia«t  equ'tion  for  a  ^ven  orUke  siae,  «m1  a  given  &nir  rate.  An 
impingement  at^ie  m  and  die  diitMice  from  the  impii^Cement  ratface 
was  assumed  to  be  1.0  inch.  The  ftml  properties  were  Imown. 
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5.  THE  AIR  ASSIST  NOBILE 
a.  THEORY 

The  air  requiremenu  required  to  atomiae  the  fuel  in  the  M  to  240  Ib/hr 
range  were  computed,  by  an  empirical  expression  presented  in  Ref.  5. 

This  expression  it 

D  =  596y/V/Vy/]r+  M7  (Flyffp)*'**  (>090 
In  this  equation. 

D  =  mean  droplet  diameter  in  microns 
Qi.  Q.  =  volume  rates  of  flow  of  liquid  and  gm  !•> 
spectively  at  the  dischaige  conditions, 

V  =  surface  tension  in  dynet/cm, 
p  =  liquid  demity  in  gnuns/cm*. 
p  =  liquid  viscosity  in  poises. 

V  =  the  air  velocity  at  the  noeale  exit  in  as/mc. 

The  air  velocity  required  to  produce  a  spray  with  a  oivtain  nman  drop* 
let  for  a  given  flow  rate,  a  given  fuel  and  a  ceruin  air  orifkc  siae.  It 
should  be  noted  that  in  the  study  a  1  inch  air  orifice  dianmicr  was  assumed 
With  this  orifkc  siae,  the  required  air  velocity,  and  the  air  dcnsky,  the 
air  mass  flow  and  the  eneigy  requirements  can  be  calculated.  In  the 
study  values  of  air  density  were  ined  that  correspond  to  actual  com¬ 
bustor  conditions. 
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